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SUMMARY
Impaired human oligodendrocyte progenitor cell (hOPC) differentiation likely contributes to failed remyelination in multiple sclerosis.

The characterization ofmolecular pathways that regulate hOPCdifferentiationwill providemeans to induce remyelination. In this study,

we determined the gene expression profile of PDGFaR+ hOPCs during initial oligodendrocyte commitment.Weighted gene coexpression

network analysis was used to define progenitor and differentiation-specific gene expression modules and functionally important hub

genes. These modules were compared with rodent OPC and oligodendrocyte data to determine the extent of species conservation. These

analyses identifiedG-protein b4 (GNB4), whichwas associatedwith hOPCcommitment. Lentiviral GNB4overexpression rapidly induced

human oligodendrocyte differentiation. Following xenograft in hypomyelinating shiverer/rag2 mice, GNB4 overexpression augmented

myelin synthesis and the ability of hOPCs to ensheath host axons, establishing GNB4 as functionally important in humanmyelination.

As such, network analysis of hOPC gene expression accurately predicts genes that influence human oligodendrocyte differentiation

in vivo.
INTRODUCTION

Oligodendrocytes produce myelin that facilitates saltatory

conduction in the CNS and provide trophic support to

axons (Lee et al., 2012; Morrison et al., 2013). In multiple

sclerosis (MS), there is limited capacity for endogenous

repair or remyelination (Franklin and Ffrench-Constant,

2008). As failed remyelination in animal models is associ-

ated with axonal degeneration (Irvine and Blakemore,

2008), the failure of remyelination inMS likely contributes

to progressive disease (Trapp and Nave, 2008). The persis-

tence of undifferentiated oligodendrocyte progenitor cells

(OPCs) in MS lesions suggests that interventions that

promote OPC commitment and differentiation may

improve remyelination (Chang et al., 2000; Kuhlmann

et al., 2008). However, it is not clearly understood which

signaling cascades are active in human oligodendrocytes

and which signals stimulate the early stages of differentia-

tion, regulating the exit from cell cycle and commitment to

oligodendrocyte fate.

The molecular processes that underpin oligodendrocyte

differentiation in development and following demyelin-

ation have been extensively studied (reviewed in Bergles

and Richardson, 2015; Wheeler and Fuss, 2016). This has

led to the identification of several attractive targets for ther-

apeutic intervention (reviewed in Franklin and Goldman,

2015). Recently, unbiased high-throughput screening

methods have identified small molecules and pathways
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that increase oligodendrocyte differentiation in vitro (Desh-

mukh et al., 2013; Mei et al., 2014; Najm et al., 2015). One

limitation of these screens has been the reliance on rodent

primary cells. This is important, as the timing and scale of

OPC generation are vastly different between humans and

rodents and, in some cases, the responses to specific tropic

signals differ substantially between species (reviewed in

Dietz et al., 2016). We have taken an alternative approach

to directly study human primary OPCs by isolation and

transcriptomic analysis (Abiraman et al., 2015; Sim et al.,

2011; Wang et al., 2013a).

In the current study, we examined the transcriptional

processes underlying initial oligodendrocyte commitment

of human OPCs (hOPCs) using weighted gene coexpres-

sion network analysis (WGCNA) (Zhao et al., 2010).

WGCNA enables the identification of gene networks based

on a pairwise Pearson correlation of all genes, thus clus-

tering together genes with similar expression patterns.

Genes with the greatest contribution or connectivity to

these networks often represent functionally important

genes and are a commonly referred to as hub genes.

WGCNA was previously used to identify cell type-specific

hub genes in brain (Miller et al., 2010; Oldham et al.,

2008) and functionally relevant genes in glioma (Horvath

et al., 2006). A further advantage is that WGCNA permits

cross-species analysis to identify both conserved and diver-

gent gene expression between humans and rodents (Miller

et al., 2010; Oldham et al., 2006). As such, we also utilized
or(s).
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Figure 1. Human Oligodendrocyte Progenitor Cell Differentia-
tion In Vitro
(A and B) Human PDGFaR + OPCs were cultured for 4 days in serum-
free medium with PDGF-AA (A) or in the absence of mitogens (no
growth factors [noGF]) (B). Cultures were stained for immature
oligodendrocyte marker O4 (green). Scale bar, 25 mm.
(C) O4 quantification (mean ± SEM, n = 4 separate human samples).
**p < 0.001, t test.
(D) qPCR ofMBP and CSPG4 (log2 fold change relative to day 1 noGF,
mean ± SEM, n = 4 human samples).
(E) Heatmap of OPC- and oligodendrocyte-enriched genes.
WGCNA to re-analyze additional datasets from human

(Abiraman et al., 2015) and rodent OPCs (Cahoy et al.,

2008; Dugas et al., 2006) to define strongly species-

conserved gene expression modules associated with oligo-

dendrocyte differentiation. As a proof of concept, we

confirmed the expression of several previously uncharac-

terized OPC- and oligodendrocyte-expressed transcripts

and examined their function. We found that G-protein
subunit b4 (Gb4), GNB4, was highly upregulated during

oligodendrocyte commitment, and that GNB4 overexpres-

sion induced oligodendrocyte differentiation of hOPCs.

Importantly, Gb4/GNB4 accelerated axonal ensheathment

by hOPCs following transplantation. These data suggest

that Gb4/GNB4 alters the responsiveness of OPCs to pro-

mote differentiation, possibly by altering the effects of

other inhibitory G-protein-coupled receptor pathways.
RESULTS

Transcriptional Profiling of Human OPC

Differentiation

To determine the transcriptional regulation of hOPC differ-

entiation, we cultured freshly isolated human primary

platelet-derived growth factor a receptor (PDGFaR)+ OPCs

(Sim et al., 2011) and assessed their differentiation over

4 days in vitro. To distinguish between transcriptional

changes associated simply with time spent in culture and

oligodendrocyte commitment, we treatedmatched control

cultures with PDGF-AA, a known OPCmitogen that delays

oligodendrocyte differentiation. hOPCs were fixed on day

4 and assessed for oligodendrocyte differentiation (Figures

1A–1C). As expected, in the absence of PDGF-AA, many

cells stained positively for O4 and exhibited a mature

branched oligodendrocytic morphology (33.2% ± 4.8%,

n = 4 individual tissue samples). A significant fraction of

these also expressed myelin basic protein (MBP) (data

not shown and Sim et al., 2011). Conversely, in PDGF-

AA-containing medium, few cells differentiated as O4+

oligodendrocytes (6.2% ± 4.1%) (Figure 1C).

Total RNAwas isolated on each day and qRT-PCRwas per-

formed for MBP and NG2 (CSPG4), a marker of OPCs.

Consistent with oligodendrocyte differentiation, MBP

mRNA was upregulated more than 300-fold in differenti-

ating conditions (Figure 1D), but was not significantly

increased in PDGF-AA-treated cultures (n = 4, one-way

ANOVA). Conversely, CSPG4 mRNA was significantly

downregulated in the differentiating conditions and was

upregulated by PDGF-AA treatment (n = 4 individual tissue

samples, p < 0.05, Tukey’s post hoc test) (Figure 1D).

To characterize the transcriptional responses attendant

with human oligodendrocyte differentiation, we per-

formed microarray analysis. RNA was purified from

matched cultures derived from four individual patient

brain samples. We first examined markers of OPCs and

oligodendrocyte differentiation. hOPCs cultured in differ-

entiating conditions exhibited a time-dependent progres-

sive increase in expression of myelin protein genes,

including CLDN11, MBP, MOG, and PLP1, and a corre-

sponding decrease in PDGFRA and CSPG4 (Figure 1E).

These effects were effectively blocked by PDGF-AA,
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Figure 2. Weighted Gene Coexpression Network Analysis of hOPC Differentiation
(A and B) Analysis of network topology to determine soft-thresholding power. (A) Fit of power-transformed gene-pairwise Pearson
correlation to scale-free topology as a function of soft threshold. (B) Mean network connectivity as a function of soft threshold. Soft-
thresholding power of 8 was selected to maximize the model fit.
(C) Heatmap of Pearson correlation between eigengenes of WGCNA modules.
(D) Expression profiles of merged module eigengene illustrate distinct expression patterns in final network.
(E) Correlation of module eigengenes with experimental variables: time, culture condition (PDGF-AA, noGF), and their interaction.
allowing us to discriminate between time- and differentia-

tion-dependent effects.

Weighted Gene Coexpression Network Analysis of

Human OPC Differentiation

To take full advantage of time as a continuous parameter

and to systematically analyze the gene expression profile

of hOPC differentiation in an unsupervised fashion, we

applied WGCNA. WGCNA is a network analysis-based

technique that utilizes the extent of gene-gene coregula-

tion to determine functionally relevant modules or sets of

genes (Zhao et al., 2010). In brief, pairwise Pearson correla-

tions were power-transformed to calculate adjacency

values, which penalize weakly correlated genes. The power

was selected to ensure that the resulting gene network con-

formed to a biologically relevant scale-free topology (Fig-

ure 2A) and maximized the connectedness of genes within

the network, i.e., it maximized the net adjacency values
712 Stem Cell Reports j Vol. 9 j 710–723 j August 8, 2017
(Figure 2B). Topological overlap, which quantifies the

similarity in adjacency values associated with two genes,

was used in unsupervised hierarchical gene clustering. As

such, each gene was grouped into modules containing

other highly coregulated and connected genes. Analysis

of each module’s first principal component, referred to as

its eigengene, revealed several highly related modules (Fig-

ure 2C). As described previously (Oldham et al., 2008), we

merged highly related modules to generate a final network

composed of 20 distinct modules.

We examined the expression profile of each module’s

eigengene, which is considered representative of the gene

expression profiles contained in that module (Horvath

and Dong, 2008). Several module eigengene profiles were

significantly correlated with experimental parameters,

such as media conditions and time in vitro (Figure 2E). For

example, M3 was highly correlated with time (r = 0.79,

p = 1.3 3 10�7) but was negatively correlated with culture



in differentiating conditions (no growth factors [noGF],

r = �0.55, p = 0.002). Using this approach, we focused on

modules with eigengenes that correlated with the pro-

differentiating conditions (noGF) and time (Figures 2D

and 2E). Of note, modules M14 (r = 0.81, p = 1 3 10�7)

and M5 (r = 0.57, p = 0.001) were strongly correlated with

progenitor growth conditions (PDGF-AA) but not depen-

dent on time, consistent with maintenance of OPC fate.

M15 represented the only module showing upregulation

and positive correlation with differentiating conditions

(r = 0.63, p = 2.0 3 10�4).

WGCNA Identifies Conserved Modules Expressed

during Human and Rodent OPC Differentiation

WGCNA provides a platform-independent approach to

compare gene expression across experiments and species

(Miller et al., 2010; Oldham et al., 2006). We performed

WGCNA on three additional independent datasets that

examined OPC transcriptional profiles. We reanalyzed

(1) rat primary OPCs undergoing differentiation in vitro

(Dugas et al., 2006); (2) primary mouse isolated OPCs

and oligodendrocytes (Cahoy et al., 2008), and (3) pri-

mary human isolated OPCs and early oligodendrocytes

(Abiraman et al., 2015). Following matched approaches

for normalization and summarization, human homologs

were found and annotated in the rodent datasets and

WGCNA performed. We identified 19 modules in Dugas,

7 modules in Cahoy, and 10 modules in Abiraman data-

sets (Figure S1).

Following cross-species annotation, the number of

homologous genes shared between individual modules

(M1–M15) and each of the modules identified in the other

three datasets were calculated in a pairwise fashion. The sig-

nificance of thesesmodule-module relationshipswas deter-

mined by calculation of hypergeometric probabilities for

each pair (Table S1). Intriguingly, only twomodules identi-

fied in the analysis of hOPC differentiation in vitro were

preserved across the other three datasets (false discovery

rate [FDR]-corrected hypergeometric test) (Figure 3).

Several modules were found to have significant overlap

with only one dataset. For example, M3D, which we found

to be regulated by time in vitro in hOPCs, was similarly

regulated in rat OPCs in vitro (Figure S2), suggesting that

this module represents an artifact of gene regulation

governed by cell culture. M2C, which was only conserved

in hOPC differentiation and the Cahoy mouse dataset

(FDR-corrected hypergeometric test, p = 0.002), was instead

characterized by genes expressed in cultured astrocytes

(Figure S2). In contrast, bothM5 andM15, which were pre-

served across all datasets, were found to have highly consis-

tent eigengene profiles associated with high expression

observed in OPCs and oligodendrocytes, respectively.

This suggests that M5 and M15 comprise functionally
important and conserved modules in the regulation of

OPC commitment and differentiation.

Conserved OPC and Oligodendrocyte Modules Were

Functionally Distinct

To determine the principal constituents of modules M5

and M15, we performed pathway analysis by determining

the relative over-representation of individual genes within

each module using gene ontology (GO) (Table S2). Module

M5 and its homologs across the other datasets were en-

riched for GO terms associated with RNA synthesis

including ribosomal subunit biogenesis and assembly. We

defined hub genes, which have been shown to act as poten-

tial regulators of the entire module (Johnson et al., 2009;

Oldham et al., 2008), using intra-module connectivity,

i.e., the summation of all Pearson gene-gene correlations.

Shared among the M5 hub genes (Figure 4A) and its homo-

logs, we noted ribosomal proteins S5/S9/S15 and heteroge-

neous nuclear ribonucleoprotein A/B (HNRNPAB), which is

involved in mRNA splicing and pre-mRNA processing and

regulates gene expression in neurogenic progenitors (Lein

et al., 2007), andmay act to delay oligodendrocyte differen-

tiation (Sinnamon et al., 2012). Both human networks

contained several genes involved in mitochondrial elec-

tron transport (M5 and M5A, p < 0.001). We also noted

PTPRZ1 in both M5 and M5D; PTPRZ1 is involved in

hOPC self-renewal (McClain et al., 2012) and differentia-

tion (Sim et al., 2006). Together, this suggested active roles

for transcription and metabolism for module M5 that are

conserved in human and rodent OPCs.

Consistent with increased expression during differentia-

tion across the four datasets, M15 was significantly

enriched for genes involved in myelination (M15,

p = 0.001; M15C, p < 0.001), and oligodendrocyte

(M15C, p = 0.003) and glial (M15A, p = 0.001) differentia-

tion. Importantly, the essential oligodendrocyte transcrip-

tion factor, MYRF, was identified among the hub genes in

M15 (human differentiation) (Figure 4B), M15C (mouse),

and M15A (human FACS). (Note: the microarray used in

the Cahoy dataset did not contain probes against MYRF).

Likewise, several other known oligodendrocyte genes

were identified in M15 and its homologs. Therefore, M15

was characterized as an oligodendrocyte differentiation

module, which was conserved across species.

Identification of Regulators of Human OPC

Commitment and Differentiation

To provide proof of concept that WGCNA identified func-

tionally relevant genes, we examined module M15 for

genes with no known function in oligodendrocytes

(Table 1). We focused on genes with differential upregula-

tion in differentiated oligodendrocytes and those that

were preserved across M15 homologs. The most highly
Stem Cell Reports j Vol. 9 j 710–723 j August 8, 2017 713



Figure 3. Conservation of OPC and Oligodendrocyte WGCNA Modules between Species
WGCNA was performed on rat oligodendrocytes (OLGs) (Dugas et al., 2006), isolated mouse OPCs/OLGs (Cahoy et al., 2008), and isolated
hOPCs (Abiraman et al., 2015). Following module overlap analysis between these datasets, only five modules exhibited substantial and
significant overlap (p < 0.05, FDR-corrected hypergeometric test).
(A) Heatmap of eigengene expression for the five modules.
(B–F) Relative enrichment of shared genes in each matching module (compared with random list) and corresponding hypergeometric test
p value. Eigengene expression profiles of cross-species-conserved modules M15 and M5 in differentiating hOPCs (C), human isolated OPCs
(D), rat differentiating OPCs (E), and isolated mouse OPCs/OLGs (F). Mean ± SEM.
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Figure 4. Hub Genes of OPC and OLG Modules
Species-conserved OPC and oligodendrocyte differentiation-specific modules M5 (A) and M15 (B) were further examined to identify hub
genes, which were expected to exert the largest influence on module constituents. The top 30 genes were selected based on the sum of
intra-module connectivity between genes. The node size for each hub gene represents the relative hubness, and connection color indicates
both the direction and degree of correlation with other hub genes.
upregulated was breast cancer amplified sequence 1,

BCAS1, which was increased more than 50-fold in differen-

tiating hOPCs and preserved in bothM15 andM15C. Addi-

tionally, BCAS1 was significantly enriched in human O4+

oligodendrocytes (Abiraman et al., 2015) as well as in

epiblast-derived oligodendrocytes (Najm et al., 2011). We

confirmed that BCAS1 was significantly regulated using

qPCR (Figure S3A) (n = 4 individual fetal samples,

repeated-measures ANOVA, F(7,21) = 53.1, p < 0.0001).

Consistent with the microarray data, BCAS1 was strongly

and progressively upregulated with time in differentiating

conditions (Tukey’s post hoc test, p < 0.001 between each

day). PPP1R16B, protein phosphatase 1 regulatory subunit

16B, was preserved only in the hOPC FACS dataset (M15A),

but was also highly expressed by mouse MOG+ oligoden-

drocytes (Cahoy et al., 2008). qPCR confirmed upregula-

tion of PPP1R16B in differentiation conditions (Figure 5A),

as well as strong upregulation with time (Tukey’s post

hoc p < 0.001). Finally, we identified guanine nucleotide-

binding protein subunit Gb4 (GNB4) as the only M15 upre-

gulated transcript whose expression was also preserved in

M15D andM15Amodules, but was also increased inmouse

oligodendrocytes (Cahoy et al., 2008) and differentiating

mouse Oli-Neu OPCs (Gobert et al., 2009). Consistent

with the WGCNA predictions, GNB4 was significantly up-

regulated progressively each day during OPC commitment

(Figure 5A) (p < 0.05).
To determine whether the expression of these genes

might be sufficient to drive oligodendrocyte differentiation

from hOPCs, we overexpressed BCAS1, PPP1R16B, and

GNB4 in hOPCs. For PPP1R16B and GNB4, hOPCs were in-

fectedwith lentivirus and cultured for 4 days in the absence

of PDGF-AA. We initially assessed the extent of O4+ oligo-

dendrocyte differentiation. Interestingly, both GNB4 and

PPR1R16B significantly increased the percentage of O4+

oligodendrocytes compared with mCherry controls (n = 4

fetal samples; 1-way ANOVA, F(2,8) = 18.4, Dunnett’s

post hoc test versus mCherry, p < 0.01) (Figures 5D and

5E). GNB4-infected cells developed into oligodendrocytes

with highly complex and branched morphologies, often

extending O4+ processes that contacted and extended

along neighboring cells. In contrast, BCAS1 overexpression

did not influence oligodendrocyte differentiation (Figures

S3B and S3C).

The increased proportion of O4+ oligodendrocytes

following PPP1R16B or GNB4 overexpression could be

due to multiple effects on OPC fate. Therefore, we exam-

ined effects on cell number, lineage commitment, and pro-

liferation. The increase in O4 percentage was not accompa-

nied by changes in overall live cell number between groups

(one-way ANOVA, F(2,8) = 0.2, p = 0.82) (Figure S4A).

We further analyzed the effects of GNB4 overexpression

on OPC lineage commitment and proliferation. GNB4

overexpression did not alter the percentage of OLIG2+ cells
Stem Cell Reports j Vol. 9 j 710–723 j August 8, 2017 715



Table 1. Differentially Expressed Genes in Module M15

Symbol
NCBI
Entrez ID Description

M15 Connectivity
(Rank)

Day 4 versus Day 0 (No GF) Preserved in

Log2 FC q Value M15D M15C M15A

BCAS1 8537 breast carcinoma amplified sequence 1 17.0 (22) 5.80 3.29 3 10�6 X

PPP1R16B 26051 protein phosphatase 1, subunit 16B 21.0 (6) 2.95 1.42 3 10�3 X

GNB4 59345 G protein b4 7.7 (119) 2.43 2.09 3 10�4 X X

HEXDC 284004 hexosaminidase D 6.1 (159) 2.08 2.88 3 10�3 X

MAN2A2 4122 mannosidase a class 2A2 5.8 (168) 1.93 2.28 3 10�3

POU2F1 5451 POU class 2 homeobox 1 18.8 (12) 1.78 2.04 3 10�3

DUSP22 100134291 similar to MAPK phosphatase x 7.8 (118) 1.72 7.92 3 10�4

NPHP3 27031 nephronophthisis 3 1.9 (368) 1.58 1.56 3 10�3

Previously undescribed members of oligodendrocyte differentiation module M15 were identified that exhibited differential expression during oligodendro-

cyte differentiation, day 4 versus day 0 in differentiating conditions (log2 FC > 1, q value < 0.01). ‘‘X’’ indicates significant overlap between modules by FDR-

corrected hypergeometric testing.
(65% ± 11% versus 56% ± 8%mCherry; p = 0.55; n = 4 fetal

samples) (Figures S4B–S4G). As an increase in O4+ cells

could be caused by reduced OPC proliferation, we bromo-

deoxyuridine (BrdU)-pulsed matched cultures. The per-

centage of BrdU+ proliferating cells in GNB4-infected

cells did not differ from mCherry cells (63% ± 12% versus

59% ± 13% mCherry; t test p = 0.42; n = 4 fetal samples).

In contrast, BCAS1 overexpression substantially reduced

BrdU incorporation (Figures S3D and S3E). Together, these

data suggested that GNB4 and PPP1R16B overexpression

were sufficient to drive OPC commitment to oligodendro-

cyte fate.

As the pro-differentiation effect of GNB4 overexpression

was so pronounced, we sought to determinewhetherGNB4

expression was required for differentiation. Using three

distinct and specific small interfering RNAi (siRNAi) se-

quences, we transfected proliferating hOPCs. Individual

siRNA transfection was sufficient to knock down GNB4

mRNA by more than 90%, with the combined transfection

reducing expression by >95% (98.2% ± 0.1% versus scram-

bled control, p < 0.0001, n = 3 fetal samples). Surprisingly,

GNB4 knockdown of combined or individual siRNA

sequences resulted in substantial cell death at 48 hr after

transfection, characterized by process retraction, surface

detachment, and reduced live cell number compared

withmatched cultures transfected with control non-target-

ing siRNA (Figure S5). Importantly, this effect was specific

to GNB4, as other siRNAs did not influence cell survival

(data not shown). Cell death following GNB4 knockdown

was observed in OPCsmaintained under both proliferating

and pro-differentiation conditions. As such, these results

indicate that Gb4 expression is necessary for the survival

of hOPCs.
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GNB4/Gb4 Overexpression Attenuates Inhibitory

GPCR Signaling in Human OPCs

G-protein-coupled receptors (GPCRs) are key regulators of

OPC differentiation in development and disease. For

example, muscarinic receptor signaling inhibits oligoden-

drocyte differentiation and acts to delay myelin repair by

transplanted hOPCs and remyelination in rodent models

(Abiraman et al., 2015; Deshmukh et al., 2013; Mei et al.,

2014). While all five b subunits were expressed in OPCs

and differentiating oligodendrocytes (Figure S6), only

GNB4 mRNA was upregulated during OPC differentiation

andwas enriched inOPCs relative to other neural cell types

(Abiraman et al., 2015; Cahoy et al., 2008; Dugas et al.,

2006). Individual Gb subunits are known to influence spe-

cific GPCR effector signaling pathways (Khan et al., 2013).

As GPCR muscarinic agonists block hOPC differentiation,

we sought to establishwhetherGNB4overexpression could

influence muscarinic agonist-induced calcium oscillations

mediated by theGq-coupledM1 orM3 receptor. Using a len-

tiviral GCaMP6s to express a calcium-sensitive fluorescence

reporter, we observed that the muscarinic agonist oxotre-

morine-M induced calcium waves in a dose-dependent

manner with a typical duration of >4 min and frequency

of 30–50 mHz. GNB4 overexpression did not alter the

amplitude or frequency of calcium waves (Figure 6A) or

the proportion of responding hOPCs (logEC50 = �5.9 ±

0.2 versus �6.5 ± 0.3 for mCherry and GNB4, respectively;

Figure S7) compared with mCherry control hOPCs. Thus,

GNB4 likely does not influence muscarinic receptor-medi-

ated inhibition of oligodendrocyte differentiation.

To more broadly assess the mechanisms by which

GNB4 regulates signaling in hOPCs, we determined

the effects of GNB4 overexpression on several common



Figure 5. Overexpression of PPP16R1B and GNB4 Induces hOPC
Differentiation In Vitro
(A) qPCR of PPP16R1B and GNB4 in proliferating (PDGF-AA) or
differentiating (noGF) conditions (mean ± SEM log2 fold change
relative to day-1 conditions, n = 4 patient samples, Tukey’s post
test versus day-1 noGF conditions).
(B–D) hOPCs were infected with lentiviruses overexpressing GNB4
(C), PPP1R16B (D), or mCherry (control) (B). The extent of O4+

oligodendrocyte differentiation was assessed at 4 days post
infection.
(E) Both PPP16R1B and GNB4 overexpression resulted in a signif-
icant increase in the proportion of O4+ cells (mean ± SEM, n = 4,
repeated measures 1-way ANOVA, Dunnett’s post hoc test).
*p < 0.05, **p < 0.01, ***p < 0.001, post test. Scale bar, 50 mm.
signaling pathways using a panel of lentiviral luciferase re-

porters. GNB4 overexpression did not induce either cyclic

AMP/protein kinase A (CREB) or protein kinase C/Ca2+

(NFAT) signaling, which is consistent with lack of effect

on muscarinic signaling (Figure 6B). In serum-free condi-

tions without mitogens, basal signaling was only detected

in ERK (ELK-1/SRF) and JNK (AP-1) pathways (Figure 6B).

Interestingly, both pathways were strongly activated

following lentiviral GNB4 overexpression. While JNK

signaling has not been associated with OPC differentia-

tion, ERK1/2 activation is known to promote oligodendro-

cyte differentiation and myelin synthesis (Fyffe-Maricich
et al., 2011; Ishii et al., 2012) and, therefore, may con-

tribute to the observed effects of GNB4/Gb4 expression on

hOPC differentiation.

GNB4/Gb4 Promotes Human Oligodendrocyte

Differentiation and Axon Ensheathment

To further establish a functional role of Gb4 in hOPC differ-

entiation, we utilized the shiverer/rag2 model of hypomye-

lination that models stem cell-mediated myelin repair and

enables assessments of human myelination in vivo (Abira-

man et al., 2015; Wang et al., 2014). Following infection

with either GNB4- or mCherry-expressing lentivirus, 105

hOPCs were transplanted directly into the corpus callosum

of postnatal day 2 shiverer/rag2 pups. Recipient animals

were euthanized at 8 weeks, at which time very few hOPCs

have typically undergone differentiation into MBP-ex-

pressing oligodendrocytes (Abiraman et al., 2015; Sim

et al., 2011). Human nuclear antigen (hNA)-positive cells

were found in the corpus callosum at 8 weeks with a similar

density and distribution in both groups (911 ± 275 versus

902 ± 121 hNA+ cells for mCherry and GNB4, respectively;

n = 4–7 mice) (Figures 7A and 7B).

To determine the effect of GNB4 overexpression on

oligodendrocyte maturation, we assessed MBP immuno-

histochemistry which is absent in shiverer mice. Strikingly,

animals transplanted with GNB4-expressing hOPCs ex-

hibited a greater than 3-fold increase in MBP staining

within the corpus callosum (p = 0.003) (Figures 7A–7C).

Consistent with improved myelination by GNB4-express-

ing transplanted cells, the density of ensheathed axons

increased from 40.5 ± 5.1 fibers/mm by mCherry control

cells to 71.8 ± 9.8 fibers/mm by GNB4-expressing cells,

representing a >75% increase in axonal ensheathment

(p = 0.028; n = 4) (Figures 7D–7F). Thus, GNB4-expressing

hOPCs more rapidly synthesized MBP and ensheathed

host axons, consistent with accelerated donor-derived

myelin synthesis.

Surprisingly, the observed increase in myelination was

not accompanied by an increase in the proportion of

hOPCs undergoing oligodendrocyte differentiation, as

the percentage of CC1+ oligodendrocytes was not altered

(Figures 7G and 7J). The increase in extent of MBP expres-

sion and axon ensheathment was, therefore, not due to a

substantial increase in oligodendrocyte number, but rather

an increased rate of oligodendrocyte maturation. In addi-

tion, we observed that GNB4 expression increased the pro-

portion of human glial fibrillary protein (GFAP)+ astrocytes

(p < 0.05; n = 4–7) (Figures 7H and 7K). Finally, GNB4

expression did not alter the proportion of Ki-67+ prolifer-

ating cells compared with mCherry control cells (Figures

7I and 7L). Taken together, these data establish that Gb4

expression differentially regulates hOPC fate in vitro and

in vivo and, importantly, GNB4/Gb4 was sufficient to
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Figure 6. GNB4/Gb4 Overexpression Induces MAPK Signaling
Fetal PDGFaR+ hOPCs were cultured and infected with intracellular Ca2+ reporter GCaMP6s. Following GNB4 or mCherry overexpression,
time-lapse microscopy of Ca2+ response after Oxo-M treatment was recorded and analyzed.
(A) Individual responsive cell Ca2+ measurements for average spike amplitude (left), total number of peaks (center), and frequency (right),
along with their box plot. GNB4 overexpression did not significantly change Ca2+ response (p > 0.05, n > 90 cells per condition, two-way
ANOVA with Tukey’s HSD post test, n = 3).
(B) hOPC signaling was measured using luciferase-based reporter after infection with GNB4 or mCherry lentivirus. Activity is reported as
fold change in luminescence compared with negative control. **p < 0.01, ***p < 0.001 (n = 3), two-way ANOVA with Bonferroni post test.
substantially improve the production of myelin proteins

and axonal ensheathment by hOPCs in vivo.
DISCUSSION

The transcriptional processes involved in the initial stages

oligodendrocyte differentiation have been examined in

detail using rodent primary and stem cell-derived progeni-

tors (Dugas et al., 2006; Gobert et al., 2009; Najm et al.,

2011; Zhang et al., 2014). However, the extent to which

these pathways and mechanisms are conserved during

human development is less understood. We previously

compared the transcriptional profile of freshly isolated

human cells to their rodent homologs, with hOPCs iso-

lated from both fetal (Abiraman et al., 2015; Sim et al.,

2011) and adult (Sim et al., 2006, 2009) human brain.

The aim of this study was to establish the extent of conser-

vation between human and rodent programs of initial

oligodendrocyte differentiation using a network-based

analytic approach. Using a longitudinal experimental

design, we could analyze the gene expression of matched

OPCs isolated from individual patient samples and predict

the function of genes previously undescribed in hOPC

differentiation.

Rather than profile the transcriptome of pluripotent

stem cell-derived OPCs, which may not accurately repre-

sent the phenotype of endogenous progenitors, we isolated
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primary OPCs from fetal human brain using PDGFaR-

based cell sorting at a developmental stage during which

OPCs undergo massive expansion in the forebrain (Sim

et al., 2011). Similar to primary rat OPCs (Dugas et al.,

2006), following the initiation of oligodendrocyte differen-

tiation we observed an exponential increase inMBPmRNA

expression inhOPCs occurring over the first 4 days. Indeed,

our transcriptional analysis captured an expression profile

of early myelin-enriched genes very similar to that defined

previously (Dugas et al., 2006), and as such was suitable for

comparisons between species. Furthermore, we incorpo-

rated PDGF-AA treatment to distinguish between genes

whose expression was regulated by the process of oligoden-

drocyte differentiation and not simply a consequence of

time spent in vitro.

Using this experimental approach and WGCNA, we

identified several modules containing genes with highly

related functions. Five modules were associated with pro-

genitor maintenance and function, while only a single

module was associated with differentiation. Interestingly,

each of the OPC upregulated eigengene modules had

distinct functional annotations. For example, M3was asso-

ciated with DNA replication and cell-cycle processes and

M14 with proteasome function and G1 cycle checkpoint

regulation. The species-conserved module M5 was associ-

ated with ribosome function and translation, and was

highly enriched in MYC target genes (Enrichr/ChEA

analysis) (Kuleshov et al., 2016; Lachmann et al., 2010).



Figure 7. GNB4/Gb4 Overexpression En-
hances Human Myelination by Trans-
planted hOPCs
GNB4 or mCherry overexpressing hOPCs were
transplanted into the corpus callosum of 2-
to 3-day shiverer/rag2 mice and euthanized
at 8 weeks to assess engraftment and
myelination.
(A and B) Immunostaining for human nu-
clear antigen (hNA) and MBP to assess
engraftment and oligodendrocyte differen-
tiation (corpus callosum outlined by dotted
lines).
(C) Quantification of MBP area as a pro-
portion of corpus callosum (mean ± SEM,
n = 3–6 mice).
(D and E) Confocal microscopy of MBP+

ensheathed axons.
(F) Density of myelinated axons was quan-
tified within engrafted regions (mean± SEM,
n = 3–4).
(G–L) Cell fate was assessed by immunoflu-
orescence for CC1+hNA+ human oligoden-
drocytes (G), hGFAP+hNA+ human astrocytes
(H), and Ki-67+hNA+ dividing human cells
(I). Arrows indicate double-positive human
cells in each panel. The proportion is
quantified in (J) to (L). GNB4 did not
significantly effect oligodendrocyte matu-
ration (J) or proliferation (L) among trans-
planted cells, but increased the proportion
of differentiated astrocytes (K), compared
with mCherry controls.
*p < 0.05, n = 3–6 mice per group, unpaired
t test. Scale bars, 100 mm (A; applies also to
B), 10 mm (E; applies also to D), and 25 mm
(G; applies also to H and I).
As such, WGCNA segregates genes associated with bio-

chemically distinct biological processes that were associ-

ated with progenitor maintenance.

The observation that only a single WGCNA module was

associated with differentiation suggests that the initiation

of differentiation involves a largely unitary coordinated

gene expression program. Among the M15 hub genes,

we found known transcription factors that regulate posi-

tive (MYRF, SOX8) and negative (EGR1, EGR2, ID4)

aspects of oligodendrocyte differentiation. Intriguingly,

an analysis of M15 hub genes by Enrichr/ChEA chromatin

immunoprecipitation enrichment analysis identified M15

gene expression as likely regulated by a combination of
well-characterized oligodendrocyte transcription factors

(OLIG2, Brg1/SMARCA4), as well as MITF, WT1, and

SMAD4. This is consistent with the known transcription

factor hierarchy in which OLIG2/SMARCA4 regulates

SOX and MYRF factors to initiate differentiation (Yu

et al., 2013), and BMP/SMAD regulation of OLIG2/ID4 to

conversely inhibit differentiation (Samanta, 2004). In

addition, this suggested a previously undescribed role for

MITF or other members of the TFE family in oligodendro-

cyte differentiation. It is noteworthy that these factors

physically interact with one another (Laurette et al.,

2015; Wang et al., 2016) and thereby could compete to

generate a bistable transcriptional switch.
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To better determine whether WGCNA could predict

functionally relevant genes, we selected candidate genes

based on their expression patterns in human and rodent

systems and M15 module membership. We selected three

candidates for functional validation: BCAS1, PPP1R16B,

and GNB4. While BCAS1 had no effect on differentiation,

both PP1R16B and GNB4 induce precocious O4+ oligo-

dendrocyte differentiation when overexpressed in vitro.

BCAS1 overexpression reduced hOPC proliferation but

did not affect oligodendrocyte differentiation. Interest-

ingly, BCAS1 null mice were recently described and display

a very mild hypomyelinating phenotype in the CNS,

suggesting a non-essential role in oligodendrocyte develop-

ment (Ishimoto et al., 2017).

PPP1R16B overexpression increased hOPC-oligoden-

drocyte differentiation. PPP1R16B is a regulatory subunit

of protein phosphatase 1 (PP1) that may act to target the

catalytic subunit of PP1 to specific membrane-associated

proteins (Ito et al., 2004). The complex of PP1 with reg-

ulatory subunits provides target specificity and compart-

mentalization within the cell (Cohen, 2002). In the CNS,

PPP1R16B mRNA is highly enriched in early differenti-

ating human and mouse oligodendrocytes and localized

to spinal cord white matter in postnatal day 4 spinal

cord (Allen Brain Atlas). As PPP1R16B is regulated by cy-

clic AMP/protein kinase A in endothelial cells and has

been shown to block PTEN function (Obeidat et al.,

2014), it is possible that PP1R16B may act to potentiate

phosphatidylinositol 3-kinase/Akt signaling in newly

generated oligodendrocytes and thereby promote the

maturation of progenitors to oligodendrocytes (Flores

et al., 2008).

Heterotrimeric G proteins composed of Ga and Gbg sub-

units are key signaling transducers that are activated by

GPCRs and modulate a variety of intracellular signaling

cascades. While Ga subunits have clearly defined roles,

the role of specific Gbg dimers and individual Gb subunits

is less clear (Khan et al., 2013). Gb4/GNB4 is one of five Gb

proteins in humans, sharing greatest homology with Gb1.

While all except GNB3 mRNA were expressed in oligoden-

drocyte lineage cells, only GNB4 mRNA was upregulated

during oligodendrocyte differentiation and was enriched

compared with neurons and astrocytes. GNB1/2 mRNAs

were quantitatively more abundant in hOPCs than

GNB4, suggesting that upregulation of Gb4 may interfere

with signal transduction mediated by Gb1/2 as well as pro-

mote specific Gb4-coupled signaling.

We found that overexpression of GNB4 increased oligo-

dendrocyte formation in vitro and potentiated oligodendro-

cyte maturation and axonal ensheathment following trans-

plantation. This suggests that GNB4 expression is rate

limiting during oligodendrocyte differentiation and that

increased expression could be employed to promote the
720 Stem Cell Reports j Vol. 9 j 710–723 j August 8, 2017
differentiation of OPCs. Intriguingly, genomic mutations

in GNB4 have been associated with dominant intermediate

Charcot-Marie-Tooth disease (Soong et al., 2013). As Gb4

protein is localized to peripheral nervous system myelin,

this suggests a critical role for GNB4 in Schwann cells and

peripheral myelination. In hOPCs, GNB4 siRNAi induced

rapid cell death, indicating that this subunit is also required

for OPC survival. The observed effects of GNB4 overexpres-

sion on hOPC-mediated myelin repair suggest that GNB4

accelerates differentiation in vitro and promotes myelin

maturation in vivo. After transplantation, while we did not

observe an effect ofGNB4onCC1+ oligodendrocytedensity,

a far greaternumberofmyelinated internodeswasproduced.

As such, driving GNB4 expression in OPCs derived from

pluripotent stem cells might represent a useful strategy to

potentiate the formation of oligodendrocytes and accelerate

the otherwise protracted protocols that are necessary

(Douvaras et al., 2014;Wanget al., 2013b). Indeed, strategies

to increaseGNB4expressionmight beenvisaged to augment

transplant-mediatedmyelin repair without affecting overall

cell density or reducing the progenitor pool.

In conclusion, we have defined the gene expression pro-

file of hOPCs undergoing oligodendrocyte differentiation.

By using WGCNA on several datasets obtained in human,

mouse, and rat primary cells, we identified gene expres-

sion modules containing highly coordinated genes that

were expressed across species. This approach identified

GNB4/Gb4 as a previously undescribed gene involved in

OPC differentiation and as a target to improve myelin

repair by transplanted progenitors. This database includes

several other important candidates likely to regulate

important aspects of human oligodendrocyte commit-

ment and differentiation (www.FindDb.org). We antici-

pate that these data will provide a valuable resource for

analyzing oligodendrocyte differentiation in rodents and

as a point of reference for comparing primary and plurip-

otent stem cell-derived progenitors and their differenti-

ated progeny.
EXPERIMENTAL PROCEDURES

Preparation of Human PDGFaR+ OPCs
Fetal brain samples (18–22 weeks gestational age) were obtained

from patients who consented to tissue use under protocols

approved by the SUNY at Buffalo HSIRB. Tissue was dissociated

and PDGFaR+ hOPCs prepared as previously described (Sim et al.,

2011) (see Supplemental Experimental Procedures).
Immunocytochemistry, Real-Time RT-PCR, Calcium

Imaging, and Luciferase Analysis
hOPC culture and immunocytochemistry were performed as

described by Abiraman et al. (2015). Antibody details are provided

in Table S3. For assessment of gene expression, RNA was extracted

http://www.FindDb.org


(Omega Bio-Tek) and real-time RT-PCR performed (see Table S4 for

list of primers). Calcium imaging in response to muscarinic agonist

was performed following infectionwithGCaMP6s-expressing lenti-

virus using a motorized epifluorescence microscope (Olympus) and

analyzed using R software (complete description in Supplemental

Experimental Procedures). Luciferase reporter assays were per-

formed according to the manufacturer’s instructions following

infection of hOPCs with Cignal Lentiviral reporters (Qiagen) and

quantified using Bright-Glo (Promega).
Gene Expression and WGCNA
Gene expression analysis was performed using Illumina whole-

genome arrays and analyzed using R/Bioconductor (see Supple-

mental Experimental Procedures for complete details). WGCNA

was performed on each dataset (Langfelder and Horvath, 2008).

Following identification of human homologs, species-conserved

modules were identified by hypergeometric testing and corrected

by false discovery rate.
Viral Expression and siRNA
GNB4, PPP1R16B, and GCaMP6s overexpression lentiviruses were

generated by subcloning into pTRIP-EF1a (a gift from A. Benraiss,

University of Rochester). Retroviral BCAS1-IRES-GFP and control

viral plasmids were provided by M. Petryniak (Oregon Health &

Science University). GNB4 siRNA (Thermo Fisher Scientific) was

transfected as per manufacturer’s instructions (100 mM).
Transplantation
All experiments using shiverer/rag2micewere performed according

to protocols approved by the University at Buffalo Institutional

Animal Care and Use Committee. As previously described (Wang

et al., 2014), 105 hOPCswere implanted into shiverer/rag2neonatal

corpus callosum and euthanized at 8 weeks post implantation.

Confocal and wide-field immunofluorescence (Supplemental

Experimental Procedures and Table S3) was performed to assess

hOPC engraftment, cell fate, and axonal ensheathment.
Statistical Analyses
All statistical analyses were performed using GraphPad Prism (San

Diego, CA). Data were compared by Student’s t test, one-way

ANOVA, or two-way ANOVA, where appropriate; significance was

considered at p < 0.05.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, seven figures, and four tables and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2017.07.007.
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