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G E N E R A L A R T I C L E
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co-expression networks associated with tauopathy
Jason D. Hinman1,*, Kathie J. Ngo1, Deborah Kim1, Cidi Chen2,
Carmela R. Abraham2,3, Mohsen Ghanbari4,5, M. Arfan Ikram4,
Steven A. Kushner6, Riki Kawaguchi7, Giovanni Coppola7, Kerstin Goth8,
Saverio Bellusci8,9, Israel Hernandez10, Kenneth S. Kosik10 and
Brent L. Fogel1,11

1Department of Neurology, David Geffen School of Medicine, University of California Los Angeles, Los Angeles,
CA 90095 USA, 2Department of Biochemistry, Boston University School of Medicine, Boston, MA 02118 USA,
3Department of Pharmacology and Experimental Therapeutics, Boston University School of Medicine, Boston,
MA 02118 USA, 4Department of Epidemiology, Erasmus MC, University Medical Center Rotterdam, Rotterdam
3000 CA, The Netherlands, 5Department of Genetics, School of Medicine, Mashhad University of Medical
Sciences, Mashhad 13131 - 99137, Iran, 6Department of Psychiatry, Erasmus MC, University Medical Center
Rotterdam, Rotterdam 3000 CA, The Netherlands, 7Informatics Center for Neurogenetics and Neurogenomics,
Semel Institute, University of California Los Angeles, Los Angeles, CA 90095 USA, 8Cardio-Pulmonary Institute,
Universities of Giessen and Marburg Lung Center, Member of the German Center for Lung Research, Justus
Liebig University, 35392 Giessen, Germany, 9Department of Pulmonary and Critical Care Medicine, Key
Laboratory of Interventional Pulmonology of Zhejiang Province, First Affiliated Hospital of Wenzhou Medical
University, Wenzhou, Zhejiang Province, China, 10Department of Molecular, Cellular, and Developmental
Biology, University of California Santa Barbara, Santa Barbara, CA 93106, USA and 11Department of Human
Genetics, David Geffen School of Medicine, University of California Los Angeles, Los Angeles, CA 90095 USA

*To whom correspondence should be addressed. Tel: 310-825-6761; Email: jhinman@mednet.ucla.edu

Abstract
Oligodendrocytes exist in a heterogenous state and are implicated in multiple neuropsychiatric diseases including
dementia. Cortical oligodendrocytes are a glial population uniquely positioned to play a key role in neurodegeneration by
synchronizing circuit connectivity but molecular pathways specific to this role are lacking. We utilized
oligodendrocyte-specific translating ribosome affinity purification and RNA-seq (TRAP-seq) to transcriptionally profile adult
mature oligodendrocytes from different regions of the central nervous system. Weighted gene co-expression network
analysis reveals distinct region-specific gene networks. Two of these mature myelinating oligodendrocyte gene networks
uniquely define cortical oligodendrocytes and differentially regulate cortical myelination (M8) and synaptic signaling (M4).
These two cortical oligodendrocyte gene networks are enriched for genes associated with dementia including MAPT and
include multiple gene targets of the regulatory microRNA, miR-142-3p. Using a combination of TRAP-qPCR, miR-142-3p
overexpression in vitro, and miR-142-null mice, we show that miR-142-3p negatively regulates cortical myelination. In rTg4510
tau-overexpressing mice, cortical myelination is compromised, and tau-mediated neurodegeneration is associated with
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gene co-expression networks that recapitulate both the M8 and M4 cortical oligodendrocyte gene networks identified from
normal cortex. We further demonstrate overlapping gene networks in mature oligodendrocytes present in normal cortex,
rTg4510 and miR-142-null mice, and existing datasets from human tauopathies to provide evidence for a critical role of
miR-142-3p-regulated cortical myelination and oligodendrocyte-mediated synaptic signaling in neurodegeneration.

Graphical Abstract
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Introduction
Oligodendrocytes provide insulating myelin to axons throughout
the central nervous system. Recent work suggests a rich het-
erogeneity in oligodendrocytes and defines up to 20 different
populations of oligodendrocytes that vary in density throughout
the central nervous system (1). Non-myelinating functions of
oligodendrocytes have been proposed (2) that contribute to a het-
erogeneity of function for this unique glial cell and potentially to
disease phenomena. Consistent with this observation, a num-
ber of neurodegenerative and neuropsychiatric diseases includ-
ing dementia, implicate oligodendrocytes in their pathogenesis
yet details regarding the cellular heterogeneity and molecular
mechanisms that drive these contributions are unknown (3–10).

Partly due to the morphologic complexity of myelinating
oligodendrocytes, in vivo gene expression studies of these cells
are limited. Single cell approaches have been utilized with suc-
cess but a significant amount of mRNA transcript regulation
in oligodendrocytes occurs outside of the cell body in myelin
and oligodendrocyte processes (11,12). Transcriptional profil-
ing with translating ribosome affinity purification (TRAP) pro-
vides an attractive method for deep gene expression profiling
of oligodendrocytes since tagged ribosomes expressed only in
mature oligodendrocytes can be immunoprecipitated directly
from tissue homogenates along with mRNA transcripts under-
going active translation (13). This approach allows enhanced
capture of mRNA and non-coding RNA species associated with
the ribosome wherever translation is occurring thereby offering
a particular advantage for morphologically complex cell types
like myelinating oligodendrocytes.

We utilized the adult 2′,3′-cyclic-nucleotide 3′-
phosphodiesterase (CNP)-Rpl10a-GFP bac-transgenic TRAP
mouse (14) coupled with direct RNA sequencing (TRAP-seq) to
exploit differences in the transcriptome of mature oligodendro-
cytes in four distinct neuroanatomical regions in the central
nervous system. This approach confirms an increasing tran-
scriptional complexity in oligodendrocytes moving rostrally in
the central nervous system (CNS) and identifies new molecular
signatures of regionally specific mature oligodendrocytes. Using
comparative bioinformatics, we asked whether the exploitation
of this regionally distinct profiling could inform how oligo-
dendrocytes in different regions contribute to neuropsychiatric
disease. We specifically focused on the role of cortical oligoden-
drocytes given their emerging role in the dynamic regulation
of neural circuits and prior evidence suggesting a role for
cortical myelination in neurodegenerative disease. Finally, we
sought to identify microRNA species that may uniquely regulate
oligodendrocyte diversity in the nervous system.

Results
Distinct regional gene expression profiles in mature
oligodendrocytes

Mature oligodendrocyte gene expression profiles were isolated
from P60 CNP-Rpl10a-enhanced green fluorescent protein (EGFP)
bac-transgenic TRAP mice (Fig. 1A) that robustly express GFP-
tagged ribosomes and are present throughout the frontal cortex,
subcortical white matter, cerebellum, and spinal cord and con-
sistently co-localized with the mature oligodendrocyte marker
GST-π (Fig. 1B). Immunoprecipitation of GFP-tagged ribosomes
from CNP-60S Ribosomal Protein L10a (Rpl10a)-GFP mice results
in 11.4- and 4.4-fold enrichment for the known mature oligo-
dendrocyte marker genes, Cnp and Cmtm5, respectively (Fig. 1C),
by qPCR relative to expression in mouse whole brain. TRAP-seq

performed from the four indicated CNS regions indicates that
five of the top 10 detected transcripts across all samples were
well-established mature oligodendrocyte marker genes (Fig. 1D;
Supplementary Material, Data S1 and S2) further establishing
significant enrichment of the mature oligodendrocyte pheno-
type in CNP-Rpl10a-GFP TRAP-seq generated samples. Compar-
isons of differentially expressed genes (DEGs) (q < 0.05) between
frontal cortex oligodendrocytes and oligodendrocytes in other
CNS regions indicates that conserved DEGs are enriched for
those controlling myelination (Fig. 1E; Supplementary Material,
Data S3). Gene ontology of DEGs that distinguish frontal cortex
oligodendrocytes from those in more rostral portions of the CNS
suggests a number of unique biologic pathways that may differ-
entiate oligodendrocytes throughout the CNS. TRAP-qPCR vali-
dation of 15 selected putative regionally distinct oligodendrocyte
marker genes identified by TRAP-seq (Supplementary Material,
Fig. S1) generated several examples of genes not previously
associated with oligodendrocytes that demonstrate regional het-
erogeneity (Supplementary Material, Fig. S2). Thus, TRAP-seq
profiling of mature oligodendrocytes validates heterogeneity in
the oligodendrocyte lineage and identifies new marker genes for
regional heterogeneity.

Identification of gene co-expression networks unique
to cortical oligodendrocytes and enriched in neurologic
disease

To identify regionally distinct oligodendrocyte co-expressed
gene networks, we performed weighted gene co-expression
network analysis (WGCNA) (15) on mature oligodendrocyte
TRAP-seq samples (n = 24). WGCNA produced 35 distinct
oligodendrocyte gene modules (Supplementary Material, Fig.
S3 and Data S4) of which 14 demonstrated significant regional
enrichment (Fig. 1F; Supplementary Material, Fig. S4). We
initially focused on the frontal cortex to examine whether
a link between myelination and neurodegeneration could be
observed. Of the six modules enriched in frontal cortex (M4,
M5, M8, M9, M11 and M21), five were enriched for genes
marking unique single-cell gene expression profiles from
previously characterized mature oligodendrocyte subtypes
that are over-represented in cortex (1) (Fig. 1G; Supplementary
Material, Data S5). All five of these M modules skewed towards
myelin-forming or mature oligodendrocyte populations further
supporting the fundamental enrichment of mature oligoden-
drocyte transcriptomics using CNP-Rpl10a-EGFP bac-transgenic
TRAP-seq.

Modules enriched in samples from frontal cortex were
significantly enriched for genes associated with human
neurologic disease (Fig. 1H; Supplementary Material, Data S6).
Unsurprisingly, we found strong enrichment for a number of
disease associations of neuron connectivity or development that
might be expected when profiling oligodendrocytes including
multiple sclerosis (M9), leukodystrophies (M8, M9, M11), spastic
paraparesis (M4, M9) and intellectual disability/developmental
delay (all M modules). In contrast, several modules showed
unanticipated enrichment for conditions not classically asso-
ciated with myelination including epilepsy (M4, M5, M8, M11,
M21) and dementia (M4, M8). Although modest, this enrichment
for dementia genes was intriguing (Fig. 1H; Supplementary
Material, Data S6), given the significant global health impact
posed by dementing illness, their rapidly growing prevalence,
(16) and recent studies implicating a role for myelination in their
development, (17–19) so we specifically focused on exploring
the relationship of these modules to dementia. Multiple recent

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/30/1/103/6124107 by U
niversity of C

alifornia, Santa Barbara user on 28 April 2021



106 Human Molecular Genetics, 2021, Vol. 30, No. 1

Figure 1. Oligodendrocyte TRAP-seq WGCNA identifies regionally distinct, disease-associated gene modules. Schematic illustrating oligodendrocyte TRAP-seq WGCNA
from P60 bacCNP-Rpl10a-EGFP transgenic mice (A). GFP (green) expression in mature oligodendrocytes (OL) throughout the CNS including the frontal cortex and
subcortical white matter and co-localizes with GST-π (magenta) (B). TRAP enrichment of two mature OL marker genes by qPCR (left panel) (C). Top genes by %fpkm
from OL TRAP-seq shows numerous OL marker genes (bold) among the top 11 genes overall (D). Venn diagram of regionally unique DEGs (q < 0.05) between frontal
cortex OL and other CNS regions with gene ontology of shared biological pathways that distinguish cortical OL and those that differ between FC versus CC OL (red), FC
versus CBL OL (green), and FC versus SC OL (blue) (E). Scatter plot of 14 regionally distinct modules identified by WGCNA (yellow plane represents P = 0.05) (F). Composite
hypergeometric enrichment of cortical OL modules for known single cell oligodendrocyte classifications (1) (size relative to average # of overlapping genes) (G). Disease
category enrichment among the six FC OL modules with two modules (M4 and M8) enriched for genes associated with clinical dementia (H). White box indicates no
enrichment. Scale bars = 500 µm (B, upper left); 100 µm (B, right); 10 µm (lower). fc = frontal cortex, wm = corpus callosum, cbl = cerebellum, sc = cervical spinal cord.

reports have implicated a critical role for oligodendrocytes in
memory formation (20–22), multiple neurodegenerative models
(23–25), in human imaging (26,27) and post-mortem brain spec-
imens (19,28) but the link to the normal myelinating and non-
myelinating biology of oligodendrocytes, particularly outside
of white matter tracts, has remained elusive. Therefore, to
investigate this relationship between frontal cortical oligoden-
drocytes and genes associated with Mendelian-inherited forms
of dementia in humans, we focused on the M4 and M8 modules
as these were only frontal cortical-specific modules whose
module eigengenes were correlated in both frontal cortex and
corpus callosal white matter suggesting a relationship to both
myelinating and non-myelinating functions of oligodendrocytes
(Supplementary Material, Fig. S3). Importantly, these dementia-
associated modules are also strongly enriched for previously
characterized and distinct single-cell mature oligodendrocyte
subtypes over-represented in frontal cortex with M4 enriched
for genes associated with mature oligodendrocyte single-cell
subtype MOL3 (P = 1.47 × 10−12), and M8 enriched for genes
marking mature oligodendrocyte single-cell subtype MOL5
(P = 1.09 × 10−12) (Supplementary Material, Fig. S5).

Representation of the gene co-expression networks of M4
and M8 (Fig. 2) illustrate complex gene interactions active within

cortical oligodendrocytes. The M8 module is heavily enriched for
oligodendrocyte genes (P = 6.80 × 10−23; Supplementary Mate-
rial, Data S7) and the most highly connected genes within this
network, or hubs, include genes such as Olig1 and Mical that
regulate various stages of myelination (29,30). Notably, one of the
centrally connected genes in this network is the microtubule-
associated protein tau (MAPT), a primary genetic driver of neu-
rodegeneration (31). Familial mutations in MAPT result in fron-
totemporal dementia and neuronal accumulation of tau is impli-
cated in Alzheimer’s disease. Tau also plays a central role in
cytoskeletal elaboration critical to the final stages of myelination
(32,33). This M8 module also includes Sort1, which functions
as cell-surface receptor for the Alzheimer’s disease risk allele,
apolipoprotein E (ApoE) (34).

Interestingly, the M4 module found in mature cortical
oligodendrocytes is enriched for neuronal genes (P = 2.41 × 10−85;
Supplementary Material, Data S7) with most of these tradition-
ally neuronal genes functional at the synapse. The presence of
synaptic genes in this network suggests that normal resident
mature cortical oligodendrocytes are responsive to cortical
activity consistent with recent evidence of cortical plasticity
mediated through myelination (35). Thus, the M4 module likely
reflects non-myelinating functions of cortical oligodendrocytes
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Figure 2. Gene co-expression networks from cortical oligodendrocytes associated with dementia. Representation of the top interconnected genes in the M8 (myelination
module, top) and M4 (non-myelination module, bottom) weighted gene co-expression network modules enriched in frontal cortex OL from mouse brain. The top 800
connections are depicted. Highly connected genes (hubs) are depicted as larger sized nodes. Cell-type-specific and disease-associated genes are indicated. The M4
non-myelination module network found in cortical OL is enriched for classically neuronal genes. MAPT, a key gene associated with human dementia, is highlighted
(blue text) within the M8 myelination module.
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Figure 3. miR-142-3p negatively regulates cortical myelination. miR-142-3p target enrichment in OL gene co-expression modules (# target genes/module on top of bar) (A).
qPCR for miR species using independent OL TRAP replicates from different CNS regions relative to expression in whole brain (P = 0.003 by one-way ANOVA) (B). qPCR array
for mature OL gene markers (48) after transfection with miR-142-3p analog (1 nm) versus scrambled miR control (∗>95% confidence interval testing) with representative
MBP (green), CNP (purple), DAPI (white) immunostaining of miR-transfected OLs (C). Immunolabeling for myelin (white), mature (GST-π ; red), and immature (PDGFRα;
green) OL populations in miR-142 knockout animals demonstrates increased mature OL in frontal cortex (D). Box and violin plot of GST-π cells/cortical field-of-view
(149.8 ± 5.8 versus 203.5 ± 5.6; ∗P < 0.0001; n = 5; red) and PDGFRα cells/cortical FOV (57.26 ± 1.2 versus 49.0 ± 1.1; ∗P < 0.0001; n = 5) in wild-type and miR-142 knockout
mice (E). Box and violin plot of cortical myelination index (17.1 ± 0.8 versus 30.1 ± 1.5; n = 5; ∗P < 0.0001) with representative MBP staining in wild-type (left) and miR-142
knockout mice (right) frontal cortex (F). Scale bar = 200 µm (left) 20 µm (right) (D); 100 µm (F).

and the balance between M4 and the pro-myelinating M8
module may function as a regulatory switch important in the
cortical microenvironment.

miR-142-3p negatively regulates cortical
oligodendrocyte gene networks and cortical
myelination

microRNAs (miRs) play a central role in regulating oligoden-
drocyte development and myelination (36–38). Because of
their significant enrichment in the CNS and their repressive
ability of mRNA translation, we reasoned that distinct miRs
might function to regulate WGCNA-identified oligodendrocyte
modules. To identify potential broad regulators that might
control transitions in M4 and M8 network expression, we

examined microRNA target enrichment in regionally distinct
WGCNA-derived oligodendrocyte networks using TargetScan
(39). Among the top enriched microRNAs for all modules was
miR-142-3p (Fig. 3A), a microRNA previously associated with
lung differentiation and malignancy (40,41) but, surprisingly,
not among the top microRNAs present in the brain (42). Both
M4 and M8 were significantly enriched for miR-142-3p targets
suggesting a putative role for miR-142-3p in regulating these
modules within the cerebral cortex (Supplementary Material,
Data S7). Mature oligodendrocyte miR-142-3p expression by
oligodendrocyte TRAP-qPCR in all CNS regions was increased
relative to whole brain (P=0.003 by one-way ANOVA). miR-
142-3p expression was 33-fold enriched (P=0.006) by qPCR in
frontal cortex TRAP isolates normalized to expression in whole
brain, while other microRNAs (106b and 103a-3p) were not
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Figure 4. Cortical myelination and conservation of cortical oligodendrocyte gene co-expression modules in rTg4510 tau transgenic mice. The rTg4510 tau transgenic
mouse strain was used to examine cortical myelination and conservation of OL gene networks in association with tau-mediated neurodegeneration (A). Average log-
fold change of conserved and DEGs in defined frontal cortex single cell OL populations (Mol 3 and Mol 5) that overlap with M4 and M8, respectively, in 8-month old
rTg4510+ mice (dashed line = median; P = 8.83×10−5) (B). Frontal cortex myelination measured by MBP immunoreactivity (white) and GST-π+ cells (red) are reduced in
the frontal cortex of 8-month old rTg4510+ mice compared to non-transgenic controls (GST-π+ cell number = 38.83 ± 2.37 versus 28.67 ± 1.32, n = 4/grp, P = 0.001) (C).
Disease association index for WCGNA-derived modules from rTg4510 frontal cortex RNA-seq defines three tau-associated modules (T4, T20, T25) (D). Scatter plot of T
module disease enrichment versus M4 (E) and M8 (F) module enrichment by module size (# of genes in T-module = y-axis; # of overlapping M/T genes = size of point).
RNA-seq data from the hippocampus of miR-142+/− and miR-142−/− mice (n = 4/grp) were used for WGCNA to identify modules specific for miR-142−/− status (G).
Scatter plot of K modules versus miR-142−/− trait association index with miR-142-null K modules shown in light blue (H). Module preservation analysis of M modules
in both K and T datasets (I). Venn diagram of hypergeometric gene list comparisons between M, T and K modules (J). Color bars = composite –log10 P-value enrichment.
Dashed red lines indicate significance threshold. Yellow plane represents disease enrichment P = 0.05.

significantly altered (Fig. 3B). To confirm a role for miR-142-
3p in regulating myelination, we isolated early post-natal
rat oligodendrocyte progenitor cells and differentiated them
into mature oligodendrocytes (43). After differentiation, we
transfected 1 nm miR-142-3p analogs and examined mature
oligodendrocyte marker gene expression by qPCR array (Fig. 3C).
Compared to scrambled miR analogs, miR-142-3p transfection
broadly reduced mature oligodendrocyte marker gene expres-
sion while transfection with miR-23a did not (Supplementary
Material, Fig. S6). In miR-142-null mice (Fig. 3D) (44), cortical
myelination is significantly increased compared to wild-type
mice with a shift in immature:mature oligodendrocyte lineage
cells in the frontal cortex (Fig. 3E) and an increased cortical
myelination index (Fig. 3F). These findings suggest that miR-
142-3p negatively regulates myelination uniquely within the
cerebral cortex and its specific expression within the cortex
may regulate a balance between the M8 myelination module
and the M4 non-myelination module. Though we only tested the
effect of miR-142-3p on myelination, given its target enrichment

profile (Supplementary Material, Data S7), miR-142-3p may more
dramatically regulate disease-associated networks (M4) and the
non-myelinating functions of cortical oligodendrocytes.

Conservation of cortical oligodendrocyte gene networks
in a tau mouse model

Of the two dementia-associated, cortical oligodendrocyte gene
co-expression networks, M8 was of particular interest, given that
it included the dementia-associated gene, MAPT. To determine
the relevance of M8 and a potential role for cortical myelination
in tauopathy, we examined cortical myelination and performed
tissue RNA-seq and WGCNA on frontal cortex samples from 8-
month old rTg4510 tau transgenic mice (45) (Fig 4A). This tau
transgenic strain harbors a P301L mutation in Mapt, in addition
to genomic disruption of the Fgf14 locus (46) generated by
transgene insertion, and develops progressive accumulation of
human mutant tau protein over time in CamKIIa-expressing
neurons including in the frontal cortex beginning around
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8 months (47). Differential gene expression in the frontal cortex
of rTg4510+ and rTg4510– mice (Supplementary Material, Data
S8) indicates a shift in the expression pattern of the genes that
define the two cortical oligodendrocyte subpopulations (MOL3
and MOL5) that showed the greatest overlap with M4 (17/50
genes; P=1.56×10−6) and M8 (10/50 genes; P = 0.0167), respec-
tively. In rTg4510+ frontal cortex, conserved and expressed
MOL3/M4 genes were up-regulated while MOL5/M8 genes were
down-regulated (P = 8.83×10−5) (Fig. 4B). Recognizing that the
primary role of the M8 myelination module is regulating cortical
myelination, we examined the frontal cortex of rTg4510 animals
for evidence of reduced myelination. Compared to 8-month
old rTg4510– animals, rTg4510+ mice showed a loss of cortical
myelin and fewer mature oligodendrocytes in frontal cortex
(Fig. 4C). WGCNA of bulk RNA-seq from the frontal cortex of
rTg4510+ mice identified 45 unique modules, of which, only
three (T4, T20 and T25) were significantly associated with
the presence of the tau transgene (Fig. 4D; Supplementary
Material, Fig. S7, Data S9). Both M4 and M8 modules were
preserved in the T module dataset (preservation z-summary:
M4 = 11.0; M8 = 3.8). Module comparative analysis revealed that
two of these rTg4510-derived tauopathy-associated modules
(T20 and T25), were enriched for hypergeometric overlap with
oligodendrocyte-derived module M4 (124 genes, P=3.16×10−49

and 66 genes, P=8.9×10−31, respectively) (Fig. 4E; Supplementary
Material, Data S7 and S10). The other tauopathy-associated
module, T4 overlapped with the oligodendrocyte-derived
module M8 (94 genes, P=4.36×10−10) (Fig. 4F; Supplementary
Material, Data S7 and S10). This analysis demonstrates that the
distinct and fundamental biologic networks specific to cortical
oligodendrocytes and enriched for genes linked to dementia
identified in normal mouse brain (M modules) are associated
with the development of tau-mediated neurodegeneration (T
modules) in the frontal cortex of rTg4510 mouse model.

Cortical oligodendrocyte gene networks are preserved
in human tauopathy

To further assess the connection between cortical oligodendro-
cytes and human Alzheimer’s disease, we compared the overlap-
ping cortical OL modules (M4 and M8) and tauopathy-associated
modules (T4, T20, and T25) to published WGCNA modules iden-
tified in cortical samples from human subjects with tauopathies
including Alzheimer’s disease (19). In this analysis, M8 shows
significant overlap with a disease-associated myelination mod-
ule found in human subjects (P=2.12×10−10) with the overlap-
ping genes strongly expressed in mature oligodendrocytes (48)
(P=1.77×10−40) (Supplementary Material, Data S7). Similarly, the
T4 tauopathy-associated module, strongly overlapping with the
M8 myelination module, also demonstrated significant overlap
with a disease-associated myelination module found in these
human subjects (P=0.026) (Supplementary Material, Data S10).
This indicates that gene co-expression networks intrinsic to
mature cortical oligodendrocytes in normal mouse brain are also
differentially regulated during the pathogenesis of tauopathy in
both mouse and human brain.

Cortical oligodendrocyte and tauopathy gene networks
are associated with genetic deletion of miR-142

Variants of miR-142-3p have recently been associated with
a reduced risk of Alzheimer’s disease (49). Building on in
vitro and in vivo data implicating miR-142-3p in the regula-
tion of novel oligodendrocyte gene networks, we examined

miR-142-null mice by WGCNA to directly assess whether our
significant oligodendrocyte modules (M4, M8) or tauopathy
modules (T4, T20, T25) were affected by absence of the miR
(Fig. 4G). Given the association of these oligodendrocyte gene
networks with dementia, to better examine the connection
between these networks and disease, we focused on the more
clinically- and biologically relevant hippocampus (50) rather
than frontal cortex in these animals, although the identical
relationships were observed in both tissues (Supplementary
Material, Fig. S8; Data S11–S15). Comparison of miR-142-null
mice with miR-142-heterozygotes identified four modules (K31,
K42, K44, K45) strongly associated with the complete loss
of miR-142 (Fig. 4H; Supplementary Material, Data S13). Both
the M4 and M8 oligodendrocyte modules were preserved in
the K dataset (preservation z-summary: M4 = 4.5; M8 = 3.6),
indicating these networks are biologically conserved across
gray matter brain regions. Reciprocal preservation of M4 and
M8 in both the K and T datasets indicates these oligodendrocyte
gene networks are universally conserved in both normal and
disease states (Fig. 4I). Hypergeometric analysis demonstrates a
significant relationship between the genes within K31 and M4
(P = 2.04×10−4), while K42 overlaps most significantly with M8
(P = 1.47×10−5) and with M4 to a lesser extent (P = 5.33×10−3)
(Fig. 4J). Cell-type enrichment analysis indicates K42 is most
like oligodendrocytes (P = 0.002) and is enriched for disease-
associated genes causing leukodystrophy, dementia and motor
neuron disease, similar to M4 and M8 (Supplementary Material,
Data S14). Taken together, these findings signal a fundamental
and novel role for miR-142 in both normal cortical myelination
and in disorders of myelination.

Tauopathy-associated modules including T20 and T25
were also preserved in the hippocampal K module dataset
(preservation z-summary: T20 = 3.2; T25 = 2.3). These modules
both overlapped significantly with the K31 miR-142-null module
T20, P = 5.53 × 10−4, T25, P = 0.014) while T20 also showed
significant overlap with K44 (P = 4.49 × 10−3). Although not
preserved in the hippocampal K dataset, the T4 tauopathy-
associated module still demonstrated significant overlap with
K45 (P = 0.017). The association of miR-142-null-specific modules
with the overlapping cortical oligodendrocyte M modules and
tauopathy-associated T modules further implicates a critical role
for miR-142 in oligodendrocyte-associated tauopathy-related
gene networks.

miR-142-regulated cortical oligodendrocyte
protein–protein interaction networks associated
with tauopathy

Next we sought to identify biological pathways linking cortical
oligodendrocyte function, miR-142 regulation, and tauopathy by
examining whether specific biological pathways were conserved
across the key modules identified by WGCNA. Representation of
the protein–protein interactions conserved between the M8, T4,
K42 and K45 modules reveals a highly interconnected functional
network (Fig. 5). Four distinct clusters of protein interactions
that are enriched for biologic processes previously implicated
in neurodegeneration including inflammation, RNA processing,
protein metabolism and signal transduction (Supplementary
Material, Data S15) are present in the network (51,52). Fourteen
established miR-142-3p targets are present within this conserved
network, although it is overall not significantly enriched for
miR-142-3p targets. However, the presence of multiple genes
contained within all four modules, including the two miR-142-
null-associated modules, strongly supports a regulatory role for

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/30/1/103/6124107 by U
niversity of C

alifornia, Santa Barbara user on 28 April 2021



Human Molecular Genetics, 2021, Vol. 30, No. 1 111

Figure 5. Conserved M8/T4/K42/K45 protein–protein interaction network derived from cortical oligodendrocytes. Network diagram of conserved protein–protein
interactions intersecting the OL myelination M8 module, the tauopathy-associated T4, and the miR-142-null-specific K42/K45 modules organized into functional clusters
based on significantly enriched gene ontologies. Node size corresponds to the number of connections (degree) prior to filtering.

miR-142-3p in coordinating the biological function of this net-
work.

We constructed a similar network representation of the con-
served genes in the M4, T20, T25 and K31 modules (Fig. 6).
This protein–protein interaction network implicates frontal cor-
tical oligodendrocytes in the dysregulation of synaptic signal-
ing and protein modification, as well as disorders of neurode-
velopment. This network contains multiple genes associated
with syndromes of intellectual disability and developmental
delay (P = 9.28 × 10−12). Gene ontology conservation among the
M4/T20/T25/K31 interaction network points to oligodendrocyte-
mediated regulation of the synapse as a novel mechanism con-
tributing to cortical neurodegeneration (Supplementary Mate-
rial, Data S15). Although this combined interaction network is
not statistically enriched for miR-142-3p targets overall, the pres-
ence of 20 established miR-142-3p targets in the M4/T20/T25/K31
interaction network together with a substantial number of genes
present in all modules within the network, including the K31
miR-142-null-associated modules, again points to a direct role for
this miR in the regulation of cortical neurodegeneration. Impor-
tantly, the T20 and T25 WGCNA tauopathy-associated gene mod-
ules and the M4 OL gene module individually show signifi-
cant enrichment for miR-142-3p targets (Fig. 3A; Supplementary
Material, Fig. S7, Data S7 and S10).

Discussion
Beyond their obvious contribution to diseases of white matter,
oligodendrocytes may play a significant and substantial role
in modulating a wide variety of neuropsychiatric diseases

including various forms of neurodegenerative disease. Precisely
how these complex cells directly or indirectly influence the
development of neurodegenerative disease is unknown but
likely to be driven by their intrinsic cellular and molecular het-
erogeneity. In this study, we utilized cell-specific transcriptional
profiling enabled by TRAP coupled with direct RNA sequencing
(TRAP-seq) to exploit differences in the transcriptome of mature
oligodendrocytes in cortex, white matter, cerebellum and spinal
cord. Using comparative bioinformatics with existing cell-type
transcriptional databases together with WGCNA, we identified
oligodendrocyte gene expression networks specific to distinct
regions of the central nervous system.

This unique and rich database generated by our TRAP-seq-
WGCNA approach for oligodendrocytes includes multiple gene
networks with biologic and disease-associated relationships
with myelination and white matter. We focused our analysis on
gene co-expression networks unique to mature oligodendrocyte
populations residing in the frontal cortex that were found to
be enriched for and highly connected with genes related to
human disorders of myelination and white matter. Among
these oligodendrocyte gene co-expression networks enriched
in the frontal cortex were two networks enriched for genes
associated with Mendelian forms of dementia suggesting
cortical myelination has a direct functional relationship with
neurodegenerative disease pathogenesis. To confirm this
relationship, we used a common mouse model of tauopathy
to determine the conservation of these gene co-expression
modules both within the cortex and in association with the
development of tauopathy. Several prior studies have examined
myelin and oligodendrocytes at earlier stages in the progression
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Figure 6. Conserved M4/T20/T25/K31 protein–protein interaction network derived from cortical oligodendrocytes. Network diagram of conserved protein–protein
interactions intersecting the OL non-myelination M4 module, the tauopathy-associated T20 and T25, and the miR-142-null-specific K31 modules organized into
functional clusters based on significantly enriched gene ontologies and neuropsychiatric diseases. Node size corresponds to the number of connections (degree)
prior to filtering.

of tauopathy in the rTg4510 strain. A combined light and electron
microscopy study demonstrated that up until 9 months of age
most of the myelinated nerve fibers in the cortex have a normal
appearance with progressive loss between 9 and 13 months of
age (53). Additionally, progressive loss of myelin and abnormal
oligodendrocytes during the development of tauopathy has
been observed in the subcortical white matter using both
histopathology (54) and in vivo brain imaging (55). Finding direct
overlap of naturally occurring oligodendrocyte gene networks
with tau-associated gene networks coupled with a failure of
cortical myelination in the rTg4510 mouse model validates the
postulate that declines in cortical myelination may be a potential
driver of neurodegenerative disease.

While a central role for oligodendrocytes is the elaboration
of myelin and axonal support, functions beyond myelination
performed by this abundant cell type within the CNS remain
relatively elusive. Prior comprehensive single-cell sequencing
of oligodendrocyte lineage cells characterized multiple different
populations of OLs throughout the CNS including six different
populations of mature OLs present in the cortex, providing direct
support for the concept of regional heterogeneity and suggests
additional functions beyond myelination are likely. Together
with the recent evidence implicating oligodendrocytes in the
pathology of motor neuron disease (6), multiple system atrophy
(7), and Alzheimer’s disease (56), disorders that are not tradition-
ally associated with white matter tract dysfunction, the impor-
tance of understanding oligodendrocyte biology and functional-
ity within brain regions outside of myelinated tracts becomes
increasingly vital. Yet even single-cell sequencing approaches

have not identified regulatory checkpoints that might provide
clues to how this regional heterogeneity is patterned or identi-
fied disease-related genes that signal roles for oligodendroglial
heterogeneity in varying disease processes.

Using the regionally specific gene co-expression networks we
identified, a detailed analysis for regulatory checkpoints of M4
and M8 identifies a novel role for miR-142-3p in oligodendro-
cyte biology. miR-142-3p is a microRNA that is well-positioned
to exert a regulatory role on cellular differentiation with prior
studies suggesting it can serve as a multifaceted regulator in
organogenesis, homeostasis and disease (57). Based on our in
vitro and in vivo data, miR-142-3p appears to play a role in reg-
ulating oligodendrocyte differentiation and myelinating gene
expression of oligodendrocytes within the microenvironment of
the cerebral cortex and perhaps in other gray matter regions
such as the hippocampus. In the lung, miR-142-3p positively
regulates WNT/CTNNB1 (β-catenin) signaling via targeting of
the 3′ UTR of adenomatous polyposis coli, providing a potential
pathway to block the final steps necessary for the expansion of
myelin membranes within the cortex (40,58). Alternatively, miR-
142-3p targets within these cortical oligodendrocyte gene net-
works may have a greater influence on driving non-myelinating
functions of oligodendrocytes in the cortex. miR-142-null mice
show conserved gene co-expression networks in the frontal
cortex and hippocampus that overlap significantly with both
cortical oligodendrocyte-derived M modules and frontal corti-
cal tauopathy-associated T modules further supporting a role
for miR-142-3p in the regulation of these networks and in the
development of neurodegenerative disease. Establishing a direct
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connection between miR-142-3p and regulation of these net-
works is a critical next step and additional efforts to identify
the precise regulatory mechanism of miR-142-3p and its targets
within oligodendrocytes are underway. Understanding the effect
of miR-142-3p inhibition in oligodendrocyte biology may pro-
vide new opportunities to selectively target remyelinating ther-
apies to particular anatomic regions within the central nervous
system.

The broad categories of gene functions identified in the
M8/T4/K42/K44 and M4/T20/T25/K31 networks contain biologic
pathways that are constitutively active in oligodendrocytes
but also some that are novel. Interacting gene networks
driving RNA processing and protein metabolism present in
the M8/T4/K42/K44 network are core functions critical to
myelination and therefore likely reflect pathways associated
with cortical myelination failure in tauopathy. Similarly, strong
signals for protein modification in the M4/T20/T25/K31 network
reflect age-related pathways regulating myelin and oligodendro-
cyte protein targeting and turnover that have been implicated in
age-related cognitive impairment (59). In contrast, consistent
enrichment of genes involved in synaptic signaling and
associated with neurodevelopmental disorders within cortical
oligodendrocytes suggests an important non-myelinating role
for these cells and a novel set of synaptic signaling pathways
in oligodendrocytes. Replication of these highly connected gene
networks in frontal cortex neurodegeneration mediated by tau
and in the hippocampus of miR-142-null mice suggests cortical
oligodendrocytes may specifically drive unique disease-relevant
synaptic failure, perhaps through miR-142-3p-mediated network
regulation.

Cortical myelination plays a central role in regulating neu-
roplasticity and provides an important conduit for the brain
to consolidate neural circuitry (60). Using a network analysis
approach, we confirm a fundamental heterogeneity of mature
oligodendrocytes and show that cortical oligodendrocytes har-
bor fundamentally distinct gene expression networks that may
underlie their role in cortical plasticity. Importantly, our TRAP-
seq-WGCNA approach identified two gene co-expression mod-
ules specific to cortical oligodendrocytes with distinct biologic
functions (M8: myelination; M4: synaptic function) that are asso-
ciated with tau-mediated neurodegeneration in both mouse and
human as well as with miR-142 knockout in mice. In so doing, we
connect the plastic control of cortical myelination, partially reg-
ulated through miR-142-3p, to tau-mediated neurodegeneration.
Further studies are required to determine if modulating corti-
cal myelination and specific cortical oligodendrocyte gene co-
expression networks can dynamically alter neurodegeneration,
however this work indicates that recognition of the fundamental
diversity in oligodendroglia may have important implications in
human neurologic disease.

Materials and Methods
Animals

All experiments were approved by the UCLA Animal Research
Committee and performed in accordance with the National
Institutes of Health animal protection guidelines. Male mice
hemizygous for the CNP-EGFP/Rpl10a allele (B6;FVB-Tg(CNP-
EGFP/Rpl10a)JD368Htz/J; Jackson Labs) (13) expressing EGFP+
ribosomes under control of the genomic sequence including
the CNP promoter were used in the study (n = 8 for TRAP,
n = 3 for biologic replicates, n = 8 for staining). miR-142-null
mice (n = 7) and miR-142-heterozygotes (n = 4) on the C57Bl/6

background were generated as described (44) and processed
as below at 3 months of age. Wild-type C57Bl/6 mice (n = 7)
were used as controls for miR-142 null mice. Male mice
hemizygous for the rTg4510 allele (Tg(Camk2a-tTA)1Mmay
Fgf14Tg(tetO-MAPT∗P301L)4510Kha/J; Jackson Labs) (n=8) (45) along with
littermate controls (n=8) were used at 8 months of age. Mice
were genotyped using established qPCR assays (Transnetyx) or
through local genotyping protocols (miR-142-null).

Translating ribosome affinity purification

Adult male CNP-EGFP/Rpl10a mice aged 60 days were used to
ensure that myelination was complete. TRAP was performed
as described (13). Briefly, mice were euthanized, decapitated,
and the brain and superior spinal cord rapidly dissected and
placed into ice-cold dissection buffer. Using a brain block, the
cerebellum was removed using a fresh razor blade. The bilateral
cerebral cortex anterior to the hippocampus was removed using
a fresh scalpel under a dissecting microscope. The subcortical
white matter including the corpus callosum was similarly dis-
sected from overlying cortex and underlying striatum. Tissue
blocks were transferred to lysis buffer and homogenized thor-
oughly using 20 passes of a graded glass homogenizer. Entire
homogenates were used in TRAP immunoprecipitation.

RNA isolation

Following immunoprecipitation, ribosomal-bound RNA was iso-
lated using the Nucleospin miRNA isolation kit (Clontech) allow-
ing purification of large and small RNA species. Bulk RNA from
miR-142-null and heterozygote mice as well as rTg4510 mice was
generated by fresh dissection of the frontal cortex (rTg4510) or
hippocampus (miR-142-null), homogenization in lysis buffer and
RNA isolation using the Nucleospin miRNA isolation kit. RNA
quality was measured using an Aligent Bioanalyzer generating
RINs between 6.1 and 9.5 for all samples.

qPCR

cDNA was generated using equal starting amounts of RNA
and synthesized using the SuperScript VILO cDNA synthesis
kit (ThermoFisher) or the NCode VILO miRNA cDNA Synthesis
kit (ThermoFisher) to amplify miRNA sequences. Whole brain
or thymus total RNA preparations (Clontech) were used in
parallel as controls. Triplicate SYBR Green reactions were
prepared for each sample and analyzed using a Roche Light-
cycler 480. Target gene Cts were normalized to housekeeping
gene expression and then further normalized to target gene
expression in whole brain. Relative fold expression values were
then averaged across biologic replicates. Primer sequences
for each target gene are available upon request. For miRNA
analysis by qPCR, we designed miR-specific primers using
miRprimer (61). The primer sequences were as follows:
miR-142-3p 5′-CGCTGTAGTGTTTCCTACTTTATGGA-3′; miR-
106b 5′-CGTAAAGTGCTGACAGTGCAGAT-3′; miR-103a-3p 5′-
AGCAGCATTGTACAGGGCTATG-3′; snoRNA202 5′-GACTTGATGA
AAGTACTTTTGAACCCT-3′. qPCR reactions were run as above
and miR expression values were normalized for expression
of snoRNA202 and compared relative to expression levels
in whole brain and thymus. To confirm specificity of miR-
specific PCR products, PCR products were cloned into pCR-
Blunt II-TOPO using a commercially available kit (ThermoFisher)
and sequenced. For qPCR analysis of miR-transfected oligo-
dendrocytes in culture, a group of 14 rat-specific primers
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were generated (43). Target gene Cts were normalized to two
housekeeping gene markers (Actb, Gapdh) using a commercially
available primer set (RealTime Primers). Primer sequences for
all assayed genes are available upon request.

Immunofluorescence and confocal microscopy

Adult male mice from the CNP-EGFP/Rpl10a transgenic colony,
miR-142-null mice, rTg4510 mice, and littermate or wild-type
control animals were transcardially perfused, brain and spinal
cord tissue removed, post-fixed and cryoprotected. Brain tis-
sue was sectioned into 40 µm free floating sections as pre-
viously reported (62). Spinal cord tissue was sectioned in the
coronal plane and mounted on 1% gelatin coated slides and
stored at −20◦C until staining. Sections were immunofluores-
cently labeled with the following antibodies: chicken anti-GFP
(Abcam, Catalog #ab13970, 1:1000), rabbit anti-Lrrc10b (Novus
Biologicals USA, Catalog #NBP2-33493, 1:100), rabbit anti-Crtam
(Bioss Antibodies, Catalog #bs-4957R, 1:300), and rabbit anti-
Hoxb8 (Antibodies-Online.com, Catalog #ABIN717776, 1:500). Pri-
mary antibodies were visualized by secondary antibody labeling
with donkey anti-chicken-AlexaFluor 488 or donkey anti-rabbit
AlexaFluor 594 antibodies (Jackson Immunoresearch). Thin opti-
cal slices of 0.300 µm were obtained at 60× magnification on a
Nikon C2 confocal microscope equipped with Nikon Elements
Software. Immunostaining of miR-142-null mice and rTg4510
transgenic mice was performed as above using the following
antibodies: mouse anti-myelin basic protein (EMD Millipore, Cat-
alog #NE1018, 1:1000), rabbit anti-GST-π (EMD Millipore, Catalog
#AB8902, 1:500), and goat anti-platelet-derived growth factor
receptor alpha (PDGFR-α) (Neuromics, Catalog #GT15150, 1:500).
Six 20× fields of view were obtained from both hemispheres in
the frontal cortex as above using maximum intensity projections
of optical slices through the frontal cortex. Myelination index
was generated by thresholding MBP-stained images and mea-
suring the average mean intensity within the 20× field of view.
Image intensity and cell count analysis was performed using
Fiji (63).

miR-142-3p expression in primary rat oligodendrocytes

Primary rat oligodendrocytes were isolated using established
methodology (43). Briefly, rat oligodendrocyte precursors were
maintained in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM) culture medium (4 mm l-glutamine, 1 mm sodium pyru-
vate, 01.% BSA, 50 µg/ml insulin, 30 mm sodium selenite, 10 nm
d-biotin, and 10 nm hydrocortisone) containing basic Fibrob-
last Growth Factor (bFGF)/platelet-derived growth factor (PDGF)
(10 ng/ml) for 3 days and were differentiated into mature oligo-
dendrocytes by DMEM medium containing ciliary neurotrophic
factor (CNTF) (10 ng/ml), T3 (15 mm), and NT3 (10 ng/ml) for
7 days. Mouse miR-142-3p, miR-23a, and negative control miR
mimics (ThermoFisher) were transfected using RNAiMAX along
with a fluorescent indicator and cultured for 48 h. RNA was iso-
lated using Trizol, genomic DNA cleared using standard DNAase-
treatment, and RNA utilized in qPCR analysis as above.

RNA sequencing and bioinformatics

RNA-sequencing was carried out using either the NuGEN RNA
amplification with RiboZero treatment with 50 bp paired end
reads (M dataset) or the Illumina TruSeq Stranded RNA library
kit with RiboZero Gold treatment with 75 bp paired end reads
(T dataset). The K dataset was prepared as described (49). We

utilized Cuffdiff from the Cufflinks package for differential
gene expression analysis (64) with the following modifications.
Sequence reads were aligned to the mouse mm10 reference
genome and RefSeq GTF using the Spliced Transcripts Alignment
to a Reference (STAR) (65). Mapped reads were counted with
HTSeq (66). Reads per kilobase million (RPKM) were calculated
using a custom script in R based on the GenomicFeatures library
(67) and rtracklayer library (67). The CummeRbund package was
used to visualize gene expression. Oligodendrocyte TRAP RNA
samples from different regions of the brain were derived from
the same animal and pairwise comparisons were performed
for analysis. Sequencing of frontal cortex from rTg4510 mice
was compared with age-matched littermate controls. DEGs
were identified using Cuffdiff and the bioconductor package
CummeRbund was used to visualize gene expression. WGCNA
was performed as described using version 1.66 of the R package
(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/
Rpackages/WGCNA/) (15). Any covariates that were present
were accounted for using the empiricalBayesLM function prior to
performing WGCNA. Modules were defined by a signed network
approach with the following parameters (minimum module
size = 100, power = 12, deepSplit = 4 and cutHeight = 0.995). The
WGCNA module preservation function was used to calculate
module preservation between datasets by applying 50 per-
mutations (68). Data integration and statistical analysis were
based on custom R scripts and are available upon request.
Data were deposited in the Gene Expression Omnibus (GEO)
repository (https://www.ncbi.nlm.nih.gov/geo/). Key modules
were selected based on the degree of correlation between the
module eigengene with the specified trait in the experimental
samples relative to the controls and modules demonstrating
significant correlation (P < 0.05) were selected for further
analysis. Cell-type enrichment studies were performed using
published data sets (48,69). Gene ontologies were determined
using either the DAVID Bioinformatic resources (NIAID, NIH)
(70) or GOrilla (71). Disease gene lists were compiled via
phenotypic keyword search of the Online Mendelian Inheritance
in Man (OMIM) database (http://www.omim.org). Genes with
overlapping phenotypes were allowed to be represented on
multiple lists. MicroRNA targets gene lists were generated from
miRBase (72) and Target Scan (39) using the M4 and M8 gene lists
as inputs and compared to nine additional modules of similar
size that were not regionally specific.

Protein–protein network generation

Module genes were imported into Cytoscape software (73) and
the STRING app (data version 11.0, app version 1.5.0) (74) was
used to assess and visualize protein–protein interactions among
module genes with the following setting (Species: Mus musculus;
confidence (score) cutoff: 0.900; maximum additional interac-
tors: none). Multiple testing correction was accounted for by
the STRING software. Cytoscape’s NetworkAnalyzer was used
to compute the topological parameters for undirected networks.
Data were filtered by minimum degree cutoff of 20 for modules
M8 versus T4 versus K42 versus K45 and minimum degree cutoff
of 10 for modules M4 versus T20 versus T25 versus K31 for ease
of visualization.

Statistical analysis

All differential gene expression and gene ontology analyses
assumed a positive false discovery rate (q) of <0.05 to determine
statistical significance. Statistical comparisons for enrichment
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were made using hypergeometric probability assuming P < 0.05
to determine statistical significance. Where appropriate, the
significance of the P-values for overlaps involving multiple com-
parisons were confirmed by Bonferroni correction. $Ct values
from miR-142-3p qPCR results were compared using one-way
ANOVA with Dunnett’s multiple comparisons test applied for
region-specific comparisons. Statistical significance for myelin
gene expression by qPCR in vitro was determined using 95%
confidence interval testing. Oligodendrocyte cell counts and
myelin index values were compared using Mann–Whitney test-
ing assuming significance at P < 0.05. Comparisons of gene
expression in single cell oligodendrocyte populations in the
rTg4510 model were made using an unpaired t-test assuming
significance at P < 0.05.
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Supplementary Material is available at HMG online.
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