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SUMMARY

Human oligodendrocyte progenitor cells (hOPCs)
persist into adulthood as an abundant precursor pop-
ulation capable of division and differentiation. The
transcriptional mechanisms that regulate hOPC ho-
meostasis remain poorly defined. Herein, we identify
paired relatedhomeoboxprotein 1 (PRRX1) in primary
PDGFaR+ hOPCs. We show that enforced PRRX1
expression results in reversible G1/0 arrest. While
both PRRX1 splice variants reduce hOPC pro-
liferation, only PRRX1a abrogates migration. hOPC
engraftment into hypomyelinated shiverer/rag2
mouse brain is severely impaired by PRRX1a, charac-
terized by reduced cell proliferation and migration.
PRRX1 induces a gene expression signature charac-
teristic of stem cell quiescence. Both IFN-g and BMP
signaling upregulate PRRX1 and induce quiescence.
PRRX1 knockdown modulates IFN-g-induced quies-
cence. In mouse brain, PRRX1 mRNA was detected
in non-dividing OPCs and is upregulated in OPCs
following demyelination. Together, these data identify
PRRX1 as a regulator of quiescence in hOPCs and
as a potential regulator of pathological quiescence.

INTRODUCTION

Unlike other transient amplifying cells, oligodendrocyte progen-

itor cells (OPCs) persist throughout adulthood and remain a

mitotic progenitor pool capable of generating new oligodendro-

cytes (Rivers et al., 2008; Dimou et al., 2008). Timely differentia-

tion of these progenitors is necessary for efficient remyelination

(Franklin, 2002) and motor skill learning (McKenzie et al., 2014;

Marques et al., 2016). In addition to their role as a source of

new oligodendrocytes, it is apparent that the function of adult

OPCs is vital for normal brain function (Birey et al., 2015). OPC

density is tightly regulated in vivo, such that loss of a single

OPC, by death or differentiation, is replaced by mitosis and

migration (Hughes et al., 2013). However, the molecular mecha-

nisms that regulate OPC homeostasis in adult brain are poorly

understood.
Cell Repor
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Although OPCs represent the most abundant progenitor in the

adult CNS,most have been considered quiescent (Dawson et al.,

2003). Fate-mapping studies indicate that likely all adult OPCs

undergo cell division and that OPC cell-cycle length dramatically

increases with age, from days to several months in aged animals

(Psachoulia et al., 2009; Young et al., 2013). Thus, adult OPCs

can enter a reversibly quiescent state for extended periods in

adult brain but eventually reenter the cell cycle.

Cellular quiescence is characterized by reversible cell-cycle

exit and downregulation of genes important for DNA replication,

cell-cycle progression, metabolism, and protein synthesis (Rum-

man et al., 2015). Quiescence is essential for maintaining cell

populations in reserve for tissue regeneration and repair. For

example, loss of quiescence in muscle stem cells depletes the

stem cell pool, leading to failed regeneration (Shea et al., 2010;

Mourikis et al., 2012). Quiescent OPCs are observed in chronic

demyelinated lesions in multiple sclerosis (MS) (Wolswijk,

1998). Thus, although OPCs are present in most chronic MS

lesions, their number and/or density may be lower than is neces-

sary for efficient repair (for review, see Dietz et al., 2016). As

such, an additional explanation for failed remyelination could

be due to pathological quiescence.

We have identified several transcription factors that were up-

regulated in human OPCs (hOPCs) relative to neural progenitor

cells (NPCs) during lineage specification (Wang et al., 2014).

Among these, paired related homeobox protein 1 (PRRX1) was

implicated in adult murine NPC self-renewal (Shimozaki et al.,

2013). In this study, we examined the role of PRRX1 in the regu-

lation of hOPC function in vitro and following transplantation into

hypomyelinated shiverer/rag2 brain. PRRX1 overexpression led

to profound and reversible arrest of the cell cycle, resulting in

reduced engraftment andmyelination in shiverermice.We deter-

mined that PRRX1 induced a conserved gene signature involved

in establishing cellular quiescence. PRRX1 was upregulated in

response to known inducers of quiescence and was necessary

for cell-cycle arrest.

RESULTS

PRRX1 Suppresses hOPC Proliferation and Migration
In Vitro

Because the two PRRX1 spliced variants encode structurally

distinct isoforms (Reichert et al., 2013), we sought to better
ts 25, 3435–3450, December 18, 2018 ª 2018 The Author(s). 3435
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define the PRRX1 expression profile. Using CD140a/CD133 fluo-

rescence-activated cell sorting (FACS) (Wang et al., 2013), both

PRRX1a and PRRX1b mRNAs were enriched in platelet-derived

growth factor (PDGF) aR+ OPCs compared to CD133+ NPCs

(Figure 1A). In parallel experiments, hOPCs were induced to

differentiate as immature oligodendrocytes for up to 4 days

in vitro (Pol et al., 2017). We found that both PRRX1a and

PRRX1b mRNA were downregulated as hOPCs underwent oli-

godendrocytic differentiation (Figure 1B). A similar pattern was

found inmouseOPCs, with downregulation occurring in differen-

tiated oligodendrocytes (Zhang et al., 2014).

In human NPCs, PRRX1 overexpression did not potentiate

oligodendrocyte progenitor and oligodendrocyte generation,

suggesting that it may have a role other than induction of OPC

fate per se (Wang et al., 2014). As such, we investigated whether

PRRX1a and PRRX1b might differentially regulate hOPC specifi-

cation, migration, proliferation, and differentiation. hOPCs were

infected with lentivirus (LV) encoding PRRX1a, PRRX1b, or

mCherry as control. After 4 days in serum-free medium (SFM)

containing PDGF AA, the percentage of proliferating (bromo-

deoxyuridine [BrdU]+NG2+) OPCs was significantly reduced

following PRRX1a and PRRX1b overexpression compared to

mCherry control cells (5.5% ± 2.6% and 9.0% ± 2.8%, respec-

tively, versus 32.0% ± 5.8%; n = 4, p < 0.01, one-way

repeated-measures ANOVA, Dunnett’s post-test) (Figures 1C

and 1D). PRRX1 substantially increased the percentage of cells

in G1/0, indicating that PRRX1 overexpression resulted in cell-

cycle arrest (Figure 1E).

Next, because insufficient migration of OPCs may contribute

to impaired remyelination (Boyd et al., 2013), we determined

whether PRRX1 influenced migration. We measured migration

in transwell-based assays following PRRX1a- or PRRX1b-ex-

pressing LV infection. hOPC migration was differentially regu-

lated by PRRX1 variants (Figures 1F and 1G). Only 7.0% ±

1.6% of PRRX1a cells migrated toward PDGF-AA (100 ng/mL),

whereas 22.8% ± 3.1% of control, mCherry-infected, and

22.2% ± 5.8% of PRRX1b-infected hOPCs migrated (n = 5 per

group, p < 0.05, one-way repeated-measures ANOVA, Dunnett’s

post-test).

We next asked whether PRRX1a/b would influence hOPC fate

when cultured in differentiating conditions. PRRX1 did not influ-
Figure 1. PRRX1a/b Are Expressed by hOPCs and Differentially Regul

(A) Human NPCs (CD133+CD140a�), early OPCs (CD133+CD140a+), and late O

brain by FACS (n = 3 individual human samples).

(B) PDGFaR+ hOPCs were isolated and underwent oligodendrocyte differentiation

performed on RNA extracted immediately post-sort or after 1–4 days in c

(CD133�CD140a�) after GAPDH normalization.

(C–E) Fetal PDGFaR+ hOPCs infected with mCherry (control) or PRRX1 LV were

(C) 24-hr BrdU incorporation was assessed in NG2+ OPCs (arrowheads indicate

(D) Quantification of BrdU percentage in NG2+ hOPCs (n = 4 fetal samples, **p < 0.

(E) Flow cytometry of S-phase entry (red, 24-hr EdU incorporation) and G1/0 and

(F) LV-infected hOPC migration seeded on transwell membranes. Migrant DAPI+

(G) Percentage of migrating cells was assessed (n = 5 fetal samples, *p < 0.05 v

(H) LV-infected hOPCs were allowed to differentiate for 2 days following mitogen

an immature oligodendrocyte marker (O4, green) and an astrocyte marker (GFAP

(I) Average number of oligodendrocyte and astrocytes in each field was quantified

measures ANOVA, Dunnett’s multiple comparisons post-test).

For bar charts, mean ± SEM is shown. Scale: 50 mm.
ence the total number of O4+ oligodendrocytes; however, it

reduced the GFAP+ astrocyte number. Specifically, the average

number of O4+ cells per field did not differ (mCherry, 9.6 ± 5.2;

PRRX1a, 9.1 ± 2.6; PRRX1b, 8.1 ± 3.7); however, there was a

significant reduction in the GFAP+ cell absolute number with

PRRX1a/b overexpression (13.2 ± 2.1 and 15.5 ± 4.7, respec-

tively, versus 28.1 ± 5.3; n = 4, p < 0.01, one-way repeated-mea-

sures ANOVA, Dunnett’s post-test) (Figures 1H and 1I). While the

absolute number of astrocytes was reduced, the proportion of

GFAP+ astrocytes was unaffected. The proportion of O4+ oligo-

dendrocytes was increased by PRRX1a/b (22.7 ± 2.9 and 19.8 ±

2.8, respectively, versus 13.3 ± 4.0; n = 4, p < 0.05, Dunnett’s

post-test). Consistent with a primary effect on proliferation, the

total number of cells was substantially reduced with PRRX1

overexpression (live cells/field: mCherry, 72.4 ± 22.6; PRRX1a,

43.6 ± 11.5; PRRX1b, 38.0 ± 12.2; p = 0.06, one-way

repeated-measures ANOVA). This decrease was not due to

increased apoptosis, because equivalent rates of cleaved cas-

pase-3 were observed (5.9% ± 0.3% and 4.1% ± 0.5%, control

and PRRX1a, respectively). To exclude other forms of cell death,

we assessed cell viability and death at 48 hr. PRRX1a LV had no

effect on cellular morphology or live:dead ratio compared to

mCherry (mCherry: 1.3 ± 0.1, PRRX1a: 1.4 ± 0.1; ratio of calcein:

DAPI; n = 3 fetal samples, p > 0.05, t test).

A key aspect of quiescence versus senescence is the revers-

ible nature of cell-cycle arrest. To determine whether transient

PRRX1a-FLAG expression induced reversible cell-cycle arrest,

we used a doxycycline-inducible LV (Figure 2). Doxycycline-

induced PRRX1a significantly reduced hOPC proliferation (con-

trol, 43% ± 4%, versus doxycycline-induced PRRX1, 16% ±

4%; n = 4 fetal samples, p < 0.01, t test). Among FLAG+ cells

at 3 days, only 7.8% ± 2%were BrdU+, indicating a profound ef-

fect in PRRX1-expressing hOPCs. If doxycycline wasmaintained

for 13 days, we did not observe BrdU+FLAG+ cells, indicating

that PRRX1 was sufficient to arrest proliferation. To determine

whether hOPCs could reenter the cell cycle following PRRX1

downregulation, doxycycline was removed in matched cultures

at day 3 (ON-OFF) (Figure 2A) and cell-cycle reentry was deter-

mined. In ON-OFF cultures, PRRX1a-FLAG expression was

no longer detected, and the proportion of proliferating hOPCs

had returned to control levels (OFF, 39.7% ± 3.7%, versus
ate Proliferation, Migration, and Differentiation

PCs (CD133�CD140a+) were isolated from fetal 18–22 weeks gestational age

in the absence of mitogens for up to 4 days (n = 4 human samples). qPCR was

ulture. Mean ± SEM fold change (FC) shown relative to fetal dissociate

maintained in SFM with platelet-derived growth factor (PDGF)-AA for 4 days.

BrdU+ cells).

01 versusmCherry, one-way repeated-measures ANOVA, Dunnett’s post-test).

G2/M phases (blue and green, respectively).

cells (100 ng/mL) were imaged.

ersus mCherry, one-way repeated-measures ANOVA, Dunnett’s post-test).

withdrawal in the presence of 40 ng/mL T3. Cultures were immunostained with

, red).

(n = 4 fetal samples, *p < 0.05, **p < 0.01 versus mCherry, one-way repeated-

Cell Reports 25, 3435–3450, December 18, 2018 3437



Figure 2. Transient PRRX1 Expression Re-

sults in Reversible Cell-Cycle Arrest

(A) hOPCs were infected with doxycycline-inducible

FUW-PRRX1a-FLAG LV. Matched cultures were

assigned to OFF (no doxycycline), ON-OFF (doxy-

cycline for first 3 days), or Always ON (doxycycline

for 13 days).

(B) hOPC proliferation was assessed by BrdU

incorporation (green, 24-hr terminal pulse) at both

3 days and 13 days. PRRX1a-FLAG expression was

detected by immunostaining (red).

(C and D) Quantification of BrdU at day 3 (C) and day

13 (D) (n = 3–4 fetal samples).

**p < 0.01, paired t test. For bar charts, mean ± SEM

is shown. Scale: 50 mm.
ON-OFF, 30.7% ± 2.9%; n = 3, p > 0.05), representing a signifi-

cant increase compared to day 3 (ON, p < 0.05). As such, these

data indicate that PRRX1a can induce reversible hOPC cell-

cycle arrest.

PRRX1a Overexpression Inhibits Migration of Engrafted
hOPCs
To determine whether PRRX1 overexpression would induce

quiescence in hOPCs in vivo, we transplanted LV-infected

hOPCs into hypomyelinated and immunocompromised shiv-

erer/rag2 mice. PRRX1a/b overexpression was confirmed in

engrafted cells (Figure S1). At 12 weeks, human nuclear anti-

gen-positive (hNA+) cells were largely confined to white matter

(n = 4–9 per group). PRRX1a overexpression significantly

impaired the rostrocaudal and lateral distribution of hOPCs

compared to mCherry transplants (Figure 3A). We found that

PRRX1a-infected hOPCs were distributed over a smaller region

of shiverer/rag2 forebrain (mCherry, 4.7 ± 0.1 mm; PRRX1a,

3.1 ± 0.3mm; p < 0.01) (Figure 3B). As observed in vitro, PRRX1b

did not affect migration after engraftment at 12 weeks. PRRX1a

overexpression resulted in a substantial reduction in density and
3438 Cell Reports 25, 3435–3450, December 18, 2018
overall number of hNA+ cells at 12 weeks.

The callosal density of hNA+ cells were

reduced by >4-fold relative to mCherry-

infected hOPCs (290.8 ± 75.9 versus

1,272.4 ± 316.8 cells/mm2; p < 0.01, two-

way ANOVA, Bonferroni’s post-test) (Fig-

ure 3C). While the density of PRRX1b-

infected cells was reduced by >25%, this

was not statistically significant (952.6 ±

208.3 cells/mm2). Immunoreactivity for

cleaved caspase-3 was similarly rare

among the groups at 12 weeks (data not

shown), suggesting that PRRX1 overex-

pression did not increase cell death.

We hypothesized that the reduced cell

density would be the result of impaired

proliferation. Next, we determined the pro-

portion of Ki67+ cells among hNA+ cells

(Figures 4A and 4B). Because hOPC den-

sity is negatively correlated with prolifera-

tion (r = �0.836; p < 0.01) (Figure S2)
(Windrem et al., 2008), proliferation was calculated from

engrafted regions with equivalent density. PRRX1a overexpres-

sion significantly reduced hOPC proliferation compared to

mCherry (7.8% ± 1.8% versus 16.3% ± 2.3%; n = 5 per group,

p < 0.05, one-way ANOVA, Dunnett’s post-test). In contrast,

PRRX1b overexpression did not significantly impair proliferation

(16.4% ± 3.1%).

Progressive Migration and Colonization of Shiverer
White Matter Is Inhibited by PRRX1a
To determine whether the reduction in cell density and migration

at 12 weeks was due to reduced rates of migration and coloniza-

tion, we euthanized a second cohort of transplanted animals at

4 weeks. Migration and cell engraftment of mCherry hOPCs

were substantially reduced compared with the rates at 12 weeks

(Figures 3B and 3C). In PRRX1a-transplanted animals, the distri-

bution of hOPCs at 4 weeks was similar to that at 12 weeks. This

indicated that PRRX1a-overexpressing cells did not undergo

progressive expansion and engraftment.

We hypothesized that PRRX1a-mediated arrest of shiverer

colonization was due to induced quiescence and that active



Figure 3. PRRX1 Reduces Engraftment by hOPCs In Vivo

hOPCs infected with PRRX1a, PRRX1b, or mCherry LV were transplanted bilaterally into the corpus callosum of postnatal day 2–3 shiverer/rag2mice. Mice were

sacrificed 4 or 12 weeks following implantation.

(A) Total rostrocaudal dissemination of human nuclear antigen-positive cells (red dots) was assessed and plotted relative to bregma (according to Paxinos and

Franklin, 2004).

(B and C) Average rostrocaudal migration distance (B, in millimeters) and hNA+ cell density in the engrafted corpus callosum (C, in cells per square millimeter) of

human (hNA) cells were quantified at 4 and 12 weeks after implantation.

Mean ± SEM, n = 4–9 per group; **p < 0.01 versus mCherry, #p < 0.05, ##p < 0.01 versus 4 weeks, two-way ANOVA, Bonferroni’s post-test.
hOPCs would divide more rapidly and outcompete quiescent

PRRX1a+ hOPCs when transplanted into the same microenvi-

ronment. To test this hypothesis, we infected separate hOPC

cultures isolated from the same donor with either mCherry or

PRRX1a-FLAG LV. Cells were mixed (1:1 ratio) immediately

before unilateral implantation (n = 5) (Figure S3A). At 4 weeks,

we observed hNA+ cells clustered at the implantation site and

migrating hNA+ cells across the corpus callosum (Figure S3B).

At the site of injection, >99% of hNA+ cells colabeled with

mCherry. A few cells lacked detectable mCherry or PRRX1-

FLAG-expression and likely represented uninfected hOPCs or

possible silenced LV. On the contralateral side, all hNA+ cells ex-

pressed mCherry and morphologically resembled migrating bi-

polar precursors. We did not observe FLAG immunoreactive

PRRX1a+ hOPCs in either site across five animals. In contrast,

11 animals were engrafted with hOPCs isolated from five

human samples, with each successfully yielding PRRX1a-

FLAG+ cells upon sectioning at 4 and 12 weeks post-transplant.

The complete absence of PRRX1a-FLAG+ cells following mixed
transplantation using matched donors indicates that the

mCherry-infected hOPCs outcompeted PRRX1a+ hOPCs in vivo,

possibly by competition for limited trophic support.

PRRX1 Does Not Substantially Promote Myelination by
hOPCs
A possible explanation for reduced migration and engraftment

following PRRX1 overexpression was precocious differentiation.

At 12 weeks, we found no difference in the proportion of OLIG2+

cells among engrafted human cells (mCherry, 66.5% ± 4.2%;

PRRX1a, 81.0% ± 4.2%; PRRX1b, 83.4% ± 7.0%) (Figures 4C

and 4D). We did not observe differences in the proportion

of CC1+ oligodendrocytes among OLIG2+hNA+ cells (24.6% ±

3.0% and 25.4% ± 3.4% for PRRX1a/b, respectively, versus

19.5% ± 2.0%; n = 4–8 per group) (Figure 4F). We observed a

significant decrease in the proportion of hNG2+ hOPCs following

PRRX1 overexpression (35.0% ± 2.6% and 30.3% ± 3.3% for

PRRX1a/b, respectively, versus 46.3% ± 0.9%) (Figures 4D

and 4H). There was no difference in human GFAP+ astrocyte
Cell Reports 25, 3435–3450, December 18, 2018 3439
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differentiation between groups (Figure 4D). In all three groups,

we observed a similar distribution of human astrocytes

throughout the corpus callosum, similar to previous observa-

tions (Sim et al., 2011). Altogether, these observations suggest

that PRRX1 did not induce differentiation but instead acted to

decrease the available pool of progenitors as a consequence

of reduced cell-cycle entry and migration and thereby prevented

effective engraftment.

PRRX1 Induces a Quiescent-like Gene Expression
Signature
We next investigated the transcriptional mechanisms by which

PRRX1 regulated hOPC proliferation and migration. We per-

formed RNA sequencing (RNA-seq) analysis 2 days following

infection with either PRRX1a/b or mCherry LV (n = 3, patient

samples). Differential gene expression analysis identified more

than 1,500 genes upregulated by PRRX1 compared to mCherry

(q < 0.05) (Figure 5A). We found profound and highly significant

downregulation of cell-cycle-related genes (cell-cycle term

gene ontology [GO]: 0007049, p = 5.4 3 10�68). Almost all GO

terms identified involved the regulation of cell division, prolifera-

tion, DNA replication, and cell cycle, indicating that themost pro-

found effect of PRRX1 was to repress the cell cycle.

Most genes were similarly regulated by PRRX1a and PRRX1b

overexpression (Figure 5A). To investigate splice-specific

PRRX1-dependent expression, we used the PRRX1 transcript

level as an additional covariate. We found that PRRX1a and

PRRX1b induced the differential regulation of 177 genes

(PRRX1a versus PRRX1b, q < 0.05). A direct comparison of the

PRRX1a/b transcriptomes revealed increased expression of 24

genes associated with migration following PRRX1b overexpres-

sion (ARC, MMP9, etc.), while only 10 genes were downregu-

lated (Figure S4A). PRRX1b upregulated a significant number

of genes associated with cell migration and locomotion (GO:

004001, p = 4.21 3 10�11). This is consistent with PRRX1b

overexpression leading to a more promigratory phenotype

in vitro and following transplantation versus PRRX1a. Among

PRRX1a-specific migration-associated transcripts, the laminin

receptor integrin b4 (ITGB4) was differentially upregulated by

PRRX1a relative to PRRX1b and mCherry, while seizure protein

6-like (SEZ6L) was downregulated (Figure S4C). Integrin a6b4

is not typically expressed by OPCs but canmediate stable adhe-

sion with basement membranes, while cell surface protein

SEZ6L is an OPC-expressed transcript that is downregulated

during differentiation (Pol et al., 2017; Zhang et al., 2014).

Next, we performed gene set enrichment analysis (GSEA) us-

ing the MSigDB C2 database of�5,000 gene sets (Subramanian
Figure 4. PRRX1 Alters Proliferation, but Not Differentiation, of hOPCs

The fate and rate of hOPC differentiation was determined at 12 weeks post-imp

(A) Human nuclear antigen-positive (hNA+) cells (red) and Ki67 (green) in corpus

(B) Percentage of Ki67+ among transplanted hNA+ was determined as a measure

Dunnett’s post-test).

(C–H) Serial sections were stained for oligodendrocyte lineage-expressed OLIG2

indicate triple-labeled cells) (C). The extent of OLIG2+ lineage commitment (F), an

cells was determined (G) (mean ± SEM, n = 4–9 per group). (D) Human astrocyte d

GFAP antibody). (E) hOPC fate was determined using human-specific NG2 antibo

ANOVA, Dunnett’s post-test).

Scale: 100 mm (A), 25 mm (C), and 50 mm (D).
et al., 2005). We noted that the profile of PRRX1a+ cells resem-

bled that of the response to BMP2 signaling (q = 1.5 3 10�4

and 1.33 10�5 for up- and downregulated targets, respectively)

(Lee et al., 2007) (Figure 5B). Furthermore, we observed that the

PRRX1 gene signature was significantly enriched for genes

responsive to interferon stimulation (ZHANG_INTERFERON_

RESPONSE, q = 4.8 3 10�7, Zhang et al., 2005; DER_IFN_

GAMMA _RESPONSE_UP, q = 4.1 3 10�6, Der et al., 1998;

and SANA_RESPONSE_TO_IFNG_UP, q = 8.1 3 10�7, Sana

et al., 2005) (Figure 5C). As such, these data suggested that

PRRX1 overexpression has a similar mode of action to BMP

and interferon signaling in hOPCs.

We also found common inductive and repressive targets be-

tween PRRX1a and transcription factor FOXO3 (q = 1.4 3

10�7) (Delpuech et al., 2007). FOXO3 is upregulated in quiescent

stem cells (Cheung and Rando, 2013) and is required for adult

NPCmaintenance (Paik et al., 2009; Renault et al., 2009). Among

the top 20 most significantly enriched signatures was the regula-

tion of quiescence-associated transcripts in CD34+ hematopoi-

etic stem cells in quiescent versus dividing phenotypes

(q = 7.5 3 10�31) (Graham et al., 2007) (Figure 5D). Finally

by GSEA, we identified significant enrichment of a consensus

quiescent stem cell gene expression signature following

PRRX1a overexpression (Figures 5E and 5F) (Cheung and

Rando, 2013).

Among quiescence genes, we noted the downregulation of

cell-cycle components. We confirmed the differential regulation

of these by qRT-PCR (Figure 5G) (n = 3 fetal samples). Alto-

gether, the gene expression establishes that PRRX1a overex-

pression induced quiescence in hOPC and suggested that

PRRX1a may be regulated by BMP or interferon-gamma

(IFN-g) treatment.

Cytokine-Induced Quiescence Upregulates PRRX1
Expression in hOPC
Both IFN-g and BMP signaling are involved in the regulation of

progenitor quiescence (Tanner et al., 2011; Mira et al., 2010).

As in rodent OPCs, IFN-g treatment did not induce hOPC

apoptosis at a low dose (cleaved caspase-3, up to 10 ng/mL).

IFN-g significantly reduced BrdU incorporation (20% ± 1.8%

versus 35% ± 4.6%; n = 3 per group, p < 0.05 by paired

Student’s t test) (Figures 6A and 6B). Flow cytometry-based

cell-cycle analysis revealed a 61% ± 2% reduction in S-phase

entry following 24-hr treatment with IFN-g (n = 2 fetal samples)

(Figure S5).

Similar to rodent NPCs, we found that BMP treatment reduced

the proportion of 5-Ethynyl-2’-deoxyuridine (EdU)+ hOPCs
In Vivo

lantation.

callosum (white arrowheads indicate double-labeled cells).

of proliferation (n = 5–9 per group; *p < 0.05 versus mCherry, one-way ANOVA,

(blue) and CC1, a marker of post-mitotic oligodendrocytes (green) (arrowheads

d the rate of human CC1+ oligodendrocyte differentiation among hNA+OLIG2+

ifferentiation by transplanted cells was similar between groups (human-specific

dy (hNG2) and quantified (H) (*p < 0.05 and **p < 0.01 versus mCherry, one-way
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by 27% ± 4% (Figure S5). Because BMP induces astrocyte

differentiation from hOPCs (Sim et al., 2011), we further

investigated hOPC fate and OLIG2+ hOPC proliferation (Fig-

ure S6). Although BMP treatment increased the proportion

of GFAP+ cells, the fraction of OLIG2+ cells remained greater

than 75% at 24 hr (89% ± 4.1% to 78% ± 3.3%, n = 2 fetal sam-

ples). Consistent with induced hOPC quiescence, BMP treat-

ment significantly reduced the fraction of dividing OLIG2-

expressing EdU+ cells (n = 3 fetal samples) (Figure S6), thus

indicating that both IFN-g and BMP can inhibit cell-cycle entry

in hOPCs.

Given the coregulation of PRRX1 and both BMP2 and IFN-g

target genes, we next asked whether PRRX1 was regulated

by BMP or IFN-g. IFN-g increased PRRX1a and PRRX1b

mRNA (1.66- ± 0.03-fold and 1.96- ± 0.15-fold, respectively, at

10 ng/mL IFN-g relative to untreated control; n = 3 per group,

p < 0.005, one-way ANOVA, Dunnett’s post-test) (Figure 6C).

Likewise, 50 ng/mL BMP2 and BMP4 upregulated both isoforms

by >4-fold. Specifically, BMP2 increased PRRX1a and PRRX1b

levels 4.82 ± 0.50 and 4.28 ± 0.81, respectively (n = 3 per group,

p < 0.05, paired Student’s t test). BMP4 increased PRRX1a and

PRRX1b levels 4.61 ± 0.19 and 4.67 ± 0.52, respectively,

compared to controls (n = 4 per group, p < 0.001, paired

Student’s t test) (Figure 6D). These data indicate that endoge-

nous PRRX1 mRNA was upregulated by cytokines capable of

inducing hOPC quiescence.

PRRX1 Is Necessary for IFN-g-Induced Quiescence in
hOPCs
To determine whether PRRX1 mRNA upregulation was neces-

sary for cytokine-induced quiescence, we transfected hOPCs

with PRRX1 or non-targeting control (NTC) small interfering

RNA (siRNA). The effect of PRRX1 knockdown (KD) on IFN-g-

induced quiescence was assessed by analysis of S-phase entry

(8-hr EdU pulse). PRRX1 KD in the absence of IFN-g did not

significantly influence hOPC proliferation (0.90 ± 0.08 mitotic in-

dex, defined as the percentage of EdU positive relative to NTC

control, n = 3 fetal samples). As expected, IFN-g reduced the

mitotic index of hOPCs transfected with NTC siRNA by 46%

(0.54 ± 0.03, n = 4 fetal samples) (Figures 6E and 6F). PRRX1

KD significantly increased the mitotic index of IFN-g-treated

cells, increasing by 21% (0.69 ± 0.02, paired t test, p < 0.001).

The effect of PRRX1 siRNAi on IFN-g-induced cell-cycle arrest

was verified using two separate PRRX1 siRNAs, which similarly
Figure 5. PRRX1 Overexpression Induces a Gene Signature Associate

RNA-seq analysis was performed 48 hr after infection with PRRX1 or mCherry L

(A) Differential gene expression analysis identified >1,500 genes upregulated com

overlap between genes upregulated between PRRX1a and PRRX1b. Likewise, the

and PRRX1b transcriptional responses (expression relative to matched mCherry

(B) Gene ontology-based over-representation analysis revealed that cell-cycle-re

PRRX1 overexpression.

(C–E) Gene set enrichment analysis showed coordinated regulation of transcript

shown, and the x axis is the rank order of hOPC genes by the F-test statistic in re

genes, and blue bars indicate the downregulated genes in each gene set. The

downregulated genes, respectively (q value is shown).

(F) Heatmap of significantly regulated genes associated with the stem cell quiesce

median level across RNA samples.

(G) qPCR of cell-cycle genes following PRRX1 infection (mean ± SEM, n = 3).
increased proliferation following cytokine treatment (0.67 ±

0.06 and 0.64 ± 0.01, respectively, n = 3).

To better understand the mechanisms by which PRRX1 regu-

lates hOPCs, we performed RNA-seq analysis following siRNA

and/or IFN-g treatment (Figure S7). RNA-seq confirmed

PRRX1 KD (77% KD, q = 7.3 3 10�9). 646 and 796 genes were

significantly regulated by PRRX1 KD in the presence of PDGF-

AA and neurotrophin-3 (NT-3) alone and following IFN-g treat-

ment, respectively (q < 0.05). In actively dividing hOPCs,

PRRX1 KD resulted in upregulation of cell proliferation genes

(GO: 0008283, topGO analysis; q = 4 3 10�7) and locomotion

genes (GO: 0040011, q = 8.0 3 10�5), consistent with the

observed repressive effects of PRRX1 (Figure S7). Basal

PRRX1 expression was necessary for expression of cholesterol

biosynthesis genes (HORTON_SREBF_TARGETS, q = 0.0059),

and PRRX1 KD resulted in small but significant downregulation

of oligodendrocyte lineage genes (SOX10 and OLIG2) and

differentiation genes (MBP and PLP1) (Figure S7). Importantly,

PRRX1 KD in the presence of IFN-g resulted in downregula-

tion of genes associated with the IFN-g-response (SANA_

RESPONSE_TO_IFNG_UP, q = 1.9 3 10�5) (Figure S7) and es-

tablishes a role for PRRX1 in meditating the IFN-g-dependent

responses.

PRRX1 Is Expressed by Ki67-Negative OPCs following
Demyelination and Induced by IFN-g
To further investigate PRRX1 expression in vivo, we performed

semiquantitative fluorescence in situ hybridization. As ex-

pected, we observed high levels of Prrx1 mRNA in the adult

mouse subventricular zone (Shimozaki et al., 2013). At post-

natal day 7, we found that many cells in mouse white matter ex-

pressed low levels of Prrx1 (Figure 7A). In the corpus callosum,

dividing OPCs defined as Pdgfra+Ki67+ cells (white arrows)

were largely Prrx1 negative. In contrast, a small subpopulation

of Pdgfra+ OPCs expressed Prrx1, with most of these cells

negative for Ki67 (Figure 7A, yellow arrows). While Prrx1

expression in non-OPCs decreased significantly with age, the

pattern of Prrx1 expression in OPCs became more pronounced

after the peak of oligodendrocyte generation. In postnatal day

28 corpus callosum and in aged adult spinal cord at 24 weeks,

Prrx1 expression was largely restricted to Pdgfra+Ki67� OPCs

(Figures 7B and 7D). Dividing Ki67+ OPCs were negative or

Prrx1low (Figure 7C). Next, we examined the expression of

Prrx1 mRNA following demyelination induced by lysolecithin
d with Quiescence

V (n = 3 individual patient samples).

pared to mCherry hOPCs (q < 0.05). Venn diagram shows the high extent of

heatmap of all upregulated genes reflects strong correlation between PRRX1a

-infected hOPCs; increasing intensity of red indicates upregulation).

lated biological process terms were significantly downregulated in response to

s associated with BMP2 (C), IFN-g (D), and quiescence (E). Barcode plots are

sponse to PRRX1a expression. Red bars indicate the position of upregulated

red and blue traces above and below show relative enrichment of up- and

nce signature (Cheung and Rando, 2013). Scale indicates expression relative to
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Figure 6. IFN-g andBMP Induce Endogenous

PRRX1 Expression

(A) Phase contrast images of hOPCs overlaid with

BrdU immunofluorescence in control and after

IFN-g treatment for 7 days (10 ng/mL).

(B) Quantification of proliferating hOPC after IFN-g

treatment.

(C and D) Cytokine treatment significantly increased

PRRX1a and PRRX1b mRNA following exposure to

IFN-g (C) or 50 ng/mL BMP (D) (n = 3–4 fetal sam-

ples each; *p < 0.05, **p < 0.01, ***p < 0.001, one-

way ANOVA).

(E) To determine whether PRRX1 upregulation was

necessary for IFN-g-induced quiescence, fetal

hOPCs were transfected with NTC (non-targeting

control) or PRRX1 siRNA. The effect of PRRX1

knockdown on IFN-g-induced hOPC quiescence

was assessed by EdU (8-hr pulse).

(F)Mitotic index of IFN-g-treated cells was calculated

relative to the untreated matched hOPCs (mean ±

SEM, n = 4 fetal samples; **p < 0.01, paired t test).

Scale: 100 mm (A) and 50 mm (E).
injection into the spinal cord of 24-week-old adult mice. We

examined the expression of Prrx1 at 5 days post-lesion (dpl),

because OPCs at this stage have been recruited from sur-

rounding white matter and are actively dividing in and around

the lesion (Sim et al., 2002) (data not shown). Prrx1 was sub-

stantially upregulated within the lesion and was expressed by

multiple cell types, including Pdgfra+ OPCs (Figure 7E). Prrx1

expression was predictive of the Ki67 status of OPCs, with

Prrx1lowKi67+ dividing OPCs found predominantly at the lesion

edge and Prrx1highKi67� quiescent OPCs in the lesion center.

Finally, to determine whether IFN-g could upregulate Prrx1

expression in vivo, we coinjected IFN-g into demyelinating

lesions (300 U). At 5 dpl, Prrx1 was strongly enhanced

throughout the lesion and surrounding tissue (Figure 7F). OPC

division was inhibited by IFN-g, with almost all Pdgfra+ cells

within the lesion exhibiting a Prrx1highKi67� phenotype, sug-
3444 Cell Reports 25, 3435–3450, December 18, 2018
gesting that IFN-g-mediated signaling

could induce Prrx1 and induce OPC

quiescence.

DISCUSSION

Adult OPCs are considered quiescent due

to their slow rate of proliferation (Psachou-

lia et al., 2009) and reduced expression of

cell-cycle genes (Belachew et al., 2002;

Lin et al., 2009). Here, we show that quies-

cence can be induced in fetal hOPCs by

PRRX1 overexpression and that induction

of quiescence by cytokine treatment de-

pends on PRRX1 upregulation. Prrx1

mRNA expression in mouse was associ-

ated with non-dividing OPCs and was

induced following demyelination. These

data provide insight into the regulation of

cell-cycle dynamics and quiescence in
hOPCs that may help uncover the mechanisms important for

their homeostasis and activation following injury.

The principal effect of PRRX1 on hOPCs was the induction

of a reversible cell-cycle arrest. We observed a dominant

effect of PRRX1a both in culture and following transplanta-

tion. The expression data demonstrate that both PRRX1 iso-

forms are upregulated in OPCs compared to NPCs and subse-

quently downregulated during oligodendrocyte differentiation.

Although forced expression of PRRX1 induced cell-cycle

arrest, it did not prevent the progression of cells to mature ol-

igodendrocytes, because comparable numbers of oligoden-

drocytes were observed in vitro and in vivo, respectively.

Previously, PRRX1 expression in human and rodent NPCs

induced some features of OPC fate (Wang et al., 2014; Shimo-

zaki et al., 2013). Similar results were reported in a study by

Mira et al. (2010), in which a substantial proportion of



Figure 7. Prrx1 mRNA Expression in Mouse

OPCs and following Demyelination

PRRX1 expression was analyzed in mouse brain

and spinal cord during normal development and

following demyelination.

(A–C) Triple-labeled fluorescence in situ hybridiza-

tion (FISH) of postnatal day 7 (A) and day 28 (B and

C) in mouse corpus callosum: Prrx1mRNA (orange),

Pdgfra mRNA (green), and Ki67 mRNA (pink). White

arrows denote Prrx1low or Prrx1-negative Pdgfra+

OPCs that coexpressed Ki67, a marker of prolifer-

ating cells. Yellow arrows denote Prrx1high Pdgfra+

OPCs. These cells were typically Ki67 negative.

(D) 24-week adult mouse spinal cord ventral white

matter.

(E) 24-week adult mouse spinal cords were lesioned

via direct injection of lysolecithin.

(F) Coinjection of lysolecithin and IFN-g into ventral

white matter. Animals were sacrificed at 5 days

post-lesion (dpl) (n = 3 per group).

Scale: 20 mm.
quiescent (Ki67�) NPCs were found to express oligodendrog-

lial and astrocytic differentiation markers. This is further evi-

dence that quiescence in OPCs is distinct from processes

regulating terminal differentiation, which is not an obligatory

consequence of cell-cycle exit (Levine et al., 2001). Given

that PDGFaR+ hOPCs represent a mixture of different devel-

opmental stages or cell-cycle status (Dietz et al., 2016), it is

also possible that PRRX1 regulates quiescence in a subset

of OPCs. Only a small proportion of fetal hOPCs expressed

high levels of PRRX1 by single-cell RNA-seq, and only a sub-

population of OPCs express PRRX1 during mouse develop-

ment, which suggests that this transcript may be differentially

activated by the local environment or niche.

PRRX1 induced profound repression of cell-cycle-associated

transcripts. Downregulation of CDK2/cyclin E (CCNE1) corre-

sponds with their essential role in OPC proliferation (Belachew

et al., 2002). Likewise, PRRX1 expression was associated

with highly significant upregulation of cell-cycle inhibitors

p21CIP1 (CDKN1A) and p15INK4B (CDKN2B). Surprisingly, we
Cell Repor
noted significant downregulation of other

inhibitors, such as p57KIP1 (CDKN1B)

and p16INK4A (CDKN2A). While p21 and

p57 are often coordinately regulated

in vitro, they are known to have distinct

and non-redundant roles in OPCs

(Zezula et al., 2001). The upregulation of

p21 is consistent with quiescence, as

observed in NPCs (Kippin et al., 2005),

and downregulation of p57 may represent

a resetting of the oligodendrocyte timer

(Durand et al., 1998), thereby providing a

stable source of progenitor cells capable

of future expansion and differentiation.

PRRX1 is a known inducer of epithelial-

mesenchymal transition (EMT) in chick

(Ocaña et al., 2012). PRRX1 does not

induce expression of known mesodermal
transcription factors in hOPCs. Likewise, although PRRX1 can

induce SOX9 expression (Reichert et al., 2013), we did not

observe any effect in hOPCs. The pattern of PRRX1 target

genes appears to be tissue and cell type specific.

Our transcriptional analyses implicated PRRX1 as a target

gene for both BMP- and IFN-g-induced quiescence. While pro-

longed BMP treatment of rodent and hOPCs induces astrocyte

differentiation (Mabie et al., 1997; Sim et al., 2006, 2011), brief

BMP exposure induces a transient state before astrocytic

commitment that can revert OPCs to a multipotent stem cell-

like state characterized by SOX2 induction, chromatin remodel-

ing, and increased neurogenic capacity (Kondo and Raff, 2000,

2004). Our data suggest that during the induction of this transient

state, PRRX1 expression is upregulated, along with SOX2.

BMP4 treatment of NPCs is known to induce reversible quies-

cence (Mira et al., 2010) and has been shown to upregulate

PRRX1 mRNA (Martynoga et al., 2013). In that study, NFIX was

identified as a key regulator of NPC quiescence. Therefore, it

is intriguing that chromatin immunoprecipitation sequencing
ts 25, 3435–3450, December 18, 2018 3445



(ChIP-seq) revealed NFIX is bound directly to the promoter

of PRRX1, suggesting that PRRX1 may partly contribute to

BMP-induced quiescence in NPCs. This parallels with observa-

tions in other systems in which PRRX1 expression is induced by

BMP (Ocaña et al., 2012; Salazar et al., 2016).

However, IFN-g-induced PRRX1 upregulation appears to be

relatively OPC specific. PRRX1 upregulation was not observed

following IFN-g treatment in several other peripheral cell types

(Johnson-Huang et al., 2012; Calderon et al., 2008; Banno

et al., 2003; Tassiulas et al., 2004), including microglia

(Rock et al., 2005). IFN-g induces quiescence in rodent glia

(Agresti et al., 1996; Tanner et al., 2011), and at high doses,

it causes cytotoxicity (Vartanian et al., 1995; Baerwald and

Popko, 1998; Horiuchi et al., 2006; Wang et al., 2010). Exces-

sive IFN-g levels are known to induce severe hypomyelination

in CNS development (Corbin et al., 1996; LaFerla et al., 2000)

and demyelination (Horwitz et al., 1997). Enforced IFN-g

expression in adult brain impaired remyelination due to either

reduced OPC proliferation or differentiation (Lin et al., 2006).

In MS lesions, IFN-g mRNA is associated with perivascular in-

flammatory cuffs (Woodroofe and Cuzner, 1993), which is likely

in apposition with migrating OPCs, which use brain microvas-

culature to migrate in developing brain (Tsai et al., 2016). There

is a clear pathogenic role of IFN-g in MS (Popko et al., 1997).

For example, IFN-g treatment resulted in a severe exacerbation

of MS (Panitch et al., 1987). IFN-g levels are elevated before

exacerbations and remain elevated in progressive MS, sug-

gesting a potential pathogenic role for chronic low levels of

IFN-g (Beck et al., 1988). In this study, we found that Prrx1

mRNA was upregulated in OPCs following demyelination and

further induced by IFN-g treatment. While the expression of

PRRX1 has not been assessed in MS lesions, the induction

of pathological quiescence by cytokine-mediated PRRX1 upre-

gulation may prevent effective OPC recruitment in MS lesions

by impairing proliferation and migration away from blood

vessels.

We found that both PRRX1 variants impaired proliferation

in vitro but that only PRRX1a was sufficient to reduce migra-

tion. PRRX1a influenced hOPC engraftment, resulting in a pro-

found failure of cell expansion and migration in vivo. PRRX1a/

b-specific transcripts were identified, and a significant over-

representation of locomotion-associated genes were specif-

ically upregulated by PRRX1b relative to PRRX1a. This is

consistent with the observed negative effect of PRRX1a over-

expression on migration in vitro and following transplantation.

Furthermore, this suggests that PRRX1b may relieve the

inhibitory effects of quiescence on cell motility by directly

driving migration. In addition, increased expression of integrin

a6b4 by PRRX1a may prevent detachment from endothelial

basement membrane and thereby reduce OPC migration

along microvasculature (Tsai et al., 2016). Previous studies

in pancreatic cancer have indicated differential effects of

PRRX1a/b, with variant-specific effects on proliferation, migra-

tion, and metastasis (Takano et al., 2016; Reichert et al., 2013).

These differences were attributed to isotype-specific cofactor

interactions. While identical in DNA binding homeobox domain,

mouse PRRX1a (equivalent to human PRRX1b) contains an

OAR domain with unknown function (Norris and Kern, 2001).
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PRRX1 interacts with SOX2, and its activity is greatly

enhanced by SOX2 coexpression in NPCs (Shimozaki

et al., 2013). The splice-specific mechanisms remain to be

determined.

Following shiverer transplantation, hOPCs outcompete their

host counterparts such that by 1 year, most OPCs were

derived from donor human cells (Windrem et al., 2014). Herein,

hOPC migration approximated to at least 0.2 mm/week.

The 2.5- to 3-fold expansion in cell density between 8 and

12 weeks was consistent with previous studies (Sim et al.,

2011; Windrem et al., 2008). In contrast, the abject failure

of PRRX1a+ hOPCs to engraft following mixed transplanta-

tion with mCherry+ cells indicates that PRRX1 provides a

strong competitive disadvantage to engrafted cells. Because

PRRX1a+ cells were present at 12 weeks when transplanted

alone, this result suggests that PRRX1+ hOPCs were either un-

able to compete for limiting levels of trophic factors immedi-

ately following transplantation or, after initial engraftment,

that control OPCs outcompeted PRRX1+ cells for trophic sup-

port and subsequently died. This is reminiscent of previous rat

transplantation studies, which suggested competition between

endogenous and transplanted OPCs and that a niche could

only be created by depleting the host progenitor pool (Franklin

et al., 1996). Among several possible trophic factors, PDGF-AA

clearly regulates OPC density (Woodruff et al., 2004), and as

such, PRRX1-induced changes in signaling competence might

contribute to the failure of these cells to compete with control

hOPCs.

Numerous studies have demonstrated that OPCs in adult hu-

man and rodent brain are relatively quiescent with a prolonged

cell cycle (Belachew et al., 2002; Dawson et al., 2003; Dowling

et al., 1997; Geha et al., 2010; Morris et al., 1994; Psachoulia

et al., 2009; Rivers et al., 2008; Simon et al., 2011;

Young et al., 2013). Cell-cycle quiescence preserves the

longevity of stem cell pools to prevent excessive proliferation

and exhaustion of the proliferative capacity of adult stem and

progenitor cells. The linkage of progenitor exhaustion and aging

has been well established in other systems (López-Otı́n et al.,

2013). OPC exhaustion was proposed as amechanism for failure

of remyelination in a subset of chronic demyelinating MS lesions

(Lucchinetti et al., 1996), and OPC recruitment is substantially

delayed in aged animals following demyelination (Sim et al.,

2002). Yet OPC exhaustion does not appear to be relevant in

several animal modules of OPC depletion following either irradi-

ation (Chari and Blakemore, 2002) or focal toxic injury (Penderis

et al., 2003). Likewise, several studies have identified OPCs in

MS lesions, albeit at densities lower than expected for success-

ful repair (reviewed in Dietz et al., 2016). Thus, it remains unclear

whether OPC exhaustion contributes to MS progression and

chronic disease.

It is possible that therapies aimed at accelerating the activa-

tion of resident OPCs from a state of pathological quiescence

would greatly benefit recovery in patients with MS or other de-

myelinated lesions. Activation of adult OPC proliferation by upre-

gulation of the transcription factor SOX2 is required for efficient

remyelination (Zhao et al., 2015). Because failure to remyelinate

has been attributed to impaired activation of OPC proliferation

(Wolswijk, 1998; Morris et al., 1994; Dowling et al., 1997), this



process may also occur in chronic MS lesions. However, further

studies are needed to determine whether OPCs in and around

chronic lesions are quiescent and whether it is the inability to

overcome this pathological quiescence that impedes remyelina-

tion and repair. The results presented here suggest that PRRX1

may be an important target for such studies and those examining

the regulation and maintenance of oligodendrocyte progenitors

in adult brain.
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PRRX1b overexpression LV Wang et al., 2014 N/A

FUW-PRRX1a LV This Paper N/A

Biological Samples

Fetal brain tissue samples (17-22 week gestational age) N/A N/A

Chemicals, Peptides, and Recombinant Proteins

Papain Worthington Biochemical Cat# LS003126

DNase Sigma-Aldrich Cat# D4263-5VL

poly-L-ornithine Sigma-Aldrich Cat# P3655-100MG

Laminin, Mouse ThermoFisher Scientific Cat# 23017-015

Recombinant Human PDGF-AA, PeproTech Cat#100-13A

Recombinant Human NT-3, PeproTech Cat#450-03

3,30,5-Triiodo-L-thyronine sodium salt Sigma-Aldrich Cat# T5516-1MG

BrdU Sigma-Aldrich Cat# B5002-1G

EdU VWR Cat# TCE1057-50MG

DAPI Sigma-Aldrich Cat# D8417-5MG

Paraformaldehyde VWR International Cat# JTS898-7

Calcein VWR International Cat# 80050-600

Doxycycline hyclate VWR International Cat# AAJ60579-14

Recombinant Human FGF-basic Peprotech Cat# 100-18

ProFreeze VWR International Cat# 12002-076

HBSS VWR International Cat# 45000-458

Recombinant Human IFN-gamma Peprotech Cat# 300-02

Recombinant Murine IFN-g Peprotech Cat# 315-05

Recombinant Human BMP-2 (CHO cell derived) Peprotech Cat# 120-02C

Recombinant Human BMP-4 (HeLa cell derived) Peprotech Cat# 120-05

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

OCT VWR International Cat# 25608-930

Lipofectamine RNAiMAX transfection reagent ThermoFisher Scientific Cat# 13778030

Lysolecithin, L-a-Lysophosphatidylcholine from egg yolk Sigma-Aldrich Cat# L4129-100MG

Critical Commercial Assays

Total RNA isolation kit Omega Bio-Tek Cat# 101319-242

SuperScript III Reverse transcriptase ThermoFisher Scientific Cat# 18080-051

Click-iT� EdU Alexa Fluor� 647 Flow Cytometry Assay Kit ThermoFisher Scientific Cat# C-10424

RNAscope Multiplex Fluorscent Reagent Kit V2 Advanced Cell Diagnostics Cat# 323100

TSA� Plus Cyanine 3 kit Perkin Elmer Cat# NEL744E001KT

TSA� Plus Cyanine 5 kit Perkin Elmer Cat# NEL745E001KT

TSA Plus Fluorescein kit Perkin Elmer Cat# NEL741E001KT

Deposited Data

RNA-seq NCBI GEO GSE122563

Experimental Models: Cell Lines

HEK293T ATCC Cat# CRL-3216, RRID:CVCL_0063

Experimental Models: Organisms/Strains

Mouse:shiverer/rag2 mice Windrem et al., 2008 N/A

BALB/c inbred mice Envigo Cat# 047

Oligonucleotides

FITC BLOCK-iT, Fluorescent oligo ThermoFisher Scientific Cat# 2013

Stealth RNAi PRRX1 Human 1 (HSS143371,

HSS143372, HSS143373)

ThermoFisher Scientific Cat# 1299003

Stealth RNAi siRNA Negative Control Med GC Duplex ThermoFisher Scientific Cat# 12935112

RNAscope� Probe- Mm-Pdgfra-C2 Advanced Cell Diagnostics Cat# 480661-C2

RNAscope Probe - Mm-Prrx1 Advanced Cell Diagnostics Cat# 485231

RNAscope Probe - Mm-Mki67-C3 Advanced Cell Diagnostics Cat# 416771-C3

Recombinant DNA

Plasmid: FUW-M2rtTA Addgene Cat# 20342

ViraPower Lentiviral Packaging Mix ThermoFisher Scientific Cat# K497500

Plasmid: FUW-tetO-lox-NKX2.2 Wang et al., 2014 N/A

Plasmid: psPAX2 Addgene Cat# 12260

Software and Algorithms

Fiji/ImageJ National Institutes of

Health (NIH)

SCR_003070

Prism software GraphPad Software SCR_002798

AutoQuant Media cybernetics http://www.mediacy.com/autoquantx3

tophat (v2.1.1) Johns Hopkins CCB https://ccb.jhu.edu/software/tophat/index.shtml

htseq (v0.6.1) https://doi.org/10.1093/

bioinformatics/btu638

https://htseq.readthedocs.io/en/release_0.10.0/

R/Bioconductor http://www.bioconductor.org/

DESeq2 Bioconductor https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

edgeR Bioconductor https://bioconductor.org/packages/release/

bioc/html/edgeR.html

FCS Express software (version 4) De Novo Software N/A

Other

24-well transwell inserts, 6.5mm, 0.8mm Laboratory Product

Sales (LPS), Inc

Cat# 3464
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Fraser Sim

(fjsim@buffalo.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and housing conditions
All experiments were performed according to protocols approved by the University at Buffalo’s Institutional Animal Care and Use

Committee. Animals were maintained in specific pathogen free facility with continuous access to food and water. Health of mice

were monitored regularly by veterinarian. Mice used in this study were 1-24 weeks old for development and demyelination experi-

ments while for transplantation mice were less than 1 week. For all experimental groups involving cell transplantation, animals could

not be sexed at postnatal day 1-3 and were assigned randomly to groups receiving LV-infected hOPCs. After weaning recipient mice

were sexed and found to be in a ratio of 1:1.3 male:female. For other experiments examining expression of Prrx1 mRNA, both males

and females were used (5:7 male:female). Mice were maintained on diurnal 12 hr light/dark cycle.

Human CD140a/PDGFaR cell culture
Fetal brain tissue samples (17-22 weeks gestational age) were obtained from patients who consented to tissue use under protocols

approved by the University at Buffalo Research Subjects Institutional Review Board. Forebrain tissue was minced and dissociated

using papain and DNase as previously described (Conway et al., 2012). Magnetic sorting of CD140a positive cells was performed as

described (Pol et al., 2013).

Cell Lines
HEK293T cells were obtained from American Type Culture Collection (ATCC; CRL-11268). HEK293T-17 cells were grown in DMEM

(Invitrogen) supplemented with 10% FBS (Invitrogen) and penicillin/streptomycin (Invitrogen) under optimum growth conditions

(37�C, 5% CO2).

METHOD DETAILS

Quantitative PCR analyses
RNAwas extracted from freshly sorted human cells and after 1-4 d or indicated treatment length in culture using a total RNA isolation

kit (Omega Bio-Tek). cDNA was synthesized using SuperScript III reverse transcriptase (ThermoFisher Scientific). Human-specific

primers designed using NCBI Primer-BLAST or Primer Express (v1; Applied Biosystems) (Table S1)(Wang et al., 2014). GAPDH

was used as a control gene. Samples were run in duplicate and gene expression was calculated by DDCt analysis.

Lentivirus cloning and packaging
Complete coding sequences for a flag-tagged PRRX1a and PRRX1b with additional restriction enzyme sites (SpeI and XhoI)

were obtained by PCR using the following primer sequences: PRRX1b, 50-AAATCTAGACCCATGACCTCCAGCTACGGGCACG-30

(forward), 50-AAACTCGAGCCTCAGTTGACTGTTGGCACCTGG-30 (reverse); PRRX1a-flag, 50-TTTACTAGTGACCATGACCTCCA

GCTA-30 (forward), 50-AAACTCGAGTTACTTGTCGTCATCGTCTTTGTAGTCGAATCCGTTATGAAGCCC-30 (reverse). PCR products

were then cloned into a lentiviral backbone in place of the mCherry sequence (excised with SpeI and XhoI) (derived from pTRIP-

EF1a, in Sevin et al., 2006) (gift of Abdel Benraiss, University of Rochester).

Lentiviruses were prepared as described previously (Sim et al., 2006). Briefly, following triple transfection of HEK293T cells with

pTRIP and packaging plasmids pLP/VSVG (ThermoFisher Scientific) and psPAX2 (AddGene), viral supernatant was collected at

48 and 72 h. Titration of virus was performed by flow cytometry for mCherry-expressing virus and using real-time quantitative

PCR for theWPRE sequence (Geraerts et al., 2006). Human primary cells were infected at 1 MOI for 24 h followed by complete media

replacement unless stated otherwise.

Lentivirus infection of hOPCs
Human CD140a+ OPCs were plated at 53 104/ml on poly-L-ornithine- and laminin-coated tissue-culture plates and cultured for 48 h

in serum-free medium (SFM) supplemented with 20 ng/ml PDGF-AA and 5 ng/ml NT-3 (PeproTech). Cells were then infected with the

above-described lentiviruses at 1 MOI and maintained for at least 24 h prior to subsequent experiments.

Proliferation assay
Human CD140a+ OPCs were infected with lentivirus as described above and cultured for 48 h in SFM supplemented with 20 ng/ml

PDGF-AA and 5 ng/ml NT-3. BrdU (30 mM, Sigma) was then added, and cells were fixed 24 h later. Cells were immunostained for

BrdU (1:1000; AbD Serotec) and the percentage of BrdU+ DAPI-stained nuclei was obtained from 5–6 fields for each fetal sample.
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Migration assay
Human CD140a+ OPCs (53 104/ml) were cultured on laminin-coated membrane inserts with 8-mm diameter pores (Corning) and in-

fected for 24 h with lentiviruses. Cells weremaintained in medium containing 20 ng/ml PDGF-AA and 5 ng/ml NT-3 for 2 d. PDGFwas

then removed for 24 h, and subsequently reintroduced to the bottom chamber only at 100 ng/ml. After 16 h, cells were fixedwith a 4%

paraformaldehyde solution and DAPI-stained nuclei were imaged (five fields permembrane) before and after cells were scraped from

the top surface of the insert membrane. Migration was calculated as the number of remaining (migrated) nuclei divided by the total

number of nuclei.

In vitro differentiation
Human CD140a+ OPCs were maintained in culture medium containing 20 ng/ml PDGF-AA and 5 ng/ml NT-3 for 2 d after lentivirus

infection. Then, PDGF-AA was removed and 40 ng/ml T3 (Sigma) was added to promote OPC differentiation for 2 d. Cells were live-

stained with O4 primary antibody (1:25; ATCC), then fixed for subsequent secondary and anti-GFAP (1:500; Sigma) immunocyto-

chemistry. Six random fields were imaged with a 20 3 objective for each condition, and at least 200 total cells were counted. The

density of O4+ andGFAP+ cells are expressed as number of cells per field. Apoptosis post-infection was assessed by staining parallel

cultures with anti-cleaved caspase-3 (1:400; Cell Signaling Technology). In addition, overall viability was measured in matched cul-

tures of hOPCs 48 hr post-infection, by live staining with calcein (3mg/mL; Millipore) and DAPI (1mg/mL; Sigma) for 30 min at 37�C.
Cultures were then imaged for calcein and DAPI fluorescence with a 10x objective with >20 fields analyzed per condition (n = 3 fetal

human samples).

Transient PRRX1a expression
The PRRX1 coding sequence (CDS) was cloned into FUW-tetO-lox-NKX2.2 plasmid, as described previously (Wang et al., 2014).

Human CD140a+ OPCs were coinfected with FUW-M2rtTA (Addgene; 20342) and FUW-PRRX1a LV, at 0.5 and 0.15 multiplicity of

infection, respectively. Cells were maintained in SFM as described above and treated with doxycycline 48 hr post-infection

(0.19 mM, VWR International). Media and doxycycline were replaced every other day. 0.19 mM doxycycline treatment had no effect

on hOPC growth. Cultures were given a 24-hr terminal pulse of 5-bromo-20-deoxyuridine (BrdU, 10 mM) prior to fixation for assess-

ment of cell proliferation.

Flow cytometry cell cycle analysis
Human CD140a+ OPCs were infected with lentivirus as described above and cultured for 48 h in SFM supplemented with 20 ng/ml

PDGF-AA and 5 ng/ml NT-3. EdU (50 mM) was then added, and cells were collected 24 h later and processed using the Click-iT EdU

Flow Cytometry Assay Kit (ThermoFisher Scientific) according to the manufacturer’s protocol. DNA was stained with 1 mg/ml DAPI

and cells were analyzed on a Fortessa SORP flow cytometer (BD Biosciences) and using FCS Express software (version 4; De Novo

Software).

Transplantation into shiverer/rag2 mice
All transplantation experiments were performed using shiverer/rag2 mice (a gift of Dr. Steven A. Goldman, University of

Rochester)(Windrem et al., 2008) according to protocols approved by the University at Buffalo Institutional Animal Care and Use

Committee. A total of nine fetal brain samples at 17–20 weeks gestational age were used for transplantation experiments.

CD140a+ hOPCs were cultured for up to 1 week in SFM containing PDGF-AA (20 ng/ml) and NT-3 (5 ng/ml) and frozen using

ProFreeze (Lonza) prior to surgery. Prior to injection, cells were thawed, infected with lentiviruses, and cultured for 24-48 h before

resuspending in HBSS (Corning) at 1 3 105/ml. To better account for human sample differences, cells from human tissue donors

were often combined prior to infection and subsequent transplantation. Injections were performed as previously described (Sim

et al., 2011). Briefly, postnatal day 2–3 pups were anesthetized by hypothermia and bilateral injections of 5 3 104 cells were

made with pulled glass pipettes inserted directly through the skull into the corpus callosum (�2.5 mmposterior to bregma) to a depth

of 1.1 mm. Animals were sacrificed after 4 or 12 weeks by transcardial perfusion with HBSS followed by a 4% formaldehyde solution.

Immunohistochemistry
Immunohistochemistry was performed on coronal sections (16 mm) of mouse forebrain, as previously described (Sim et al., 2011).

Human cells were identified with mouse anti-human nuclei antibodies (hNA; 1:400; Millipore), and co-labeled with markers for oligo-

dendrocytes (CC1, 1:50; OLIG2, 1:750; Millipore), astrocytes (GFAP, SMI21; 1:1000; Covance) and OPCs (hNG2, 9.2.27; 1:200; Milli-

pore). Overexpression was detected using anti-PRRX1 (1:300; OriGene) and anti-FLAG (1:200; Sigma) antibodies. Proliferating cells

were detected using antibodies against Ki67 (1:25; BD Biosciences) or BrdU (1:2000; AbD Serotec). Alexa Fluor (488, 594, and 647)

secondary antibodies (ThermoFisher Scientific) were used at 1:500 dilution. Sections were imaged with a 20 3 objective using an

inverted fluorescence microscope (Olympus IX51). The quantification of hNA+ and double-positive cells was performed by counting

cells in midline and lateral regions of the corpus callosum; images from at least 9 fields containing >200 cells were collected per an-

imal. To assess the migration of implanted cells, sections spanning from bregma +3.9 to�3.4 mm (Paxinos and Franklin, 2004) were

sampled every 160 mmand immunostained for hNA. The rostrocaudal migration distance was calculated as the distance between the

first and last sections containing hNA+ cells.
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RNA sequencing
Human fetal CD140a+OPCsweremaintained in proliferative conditionswith SFM supplemented with 20 ng/ml PDGF-AA and 5 ng/ml

NT-3 after lentivirus infection with mCherry (control) or PRRX1a overexpression or PRRX1b overexpression, for 2 days before mRNA

extraction. RNA extraction and first stand synthesis was performed as described previously (Conway et al., 2012). RNA sequencing

was performed at the UB sequencing core on an Illumina HiSeq2500 using 100 cycle paired-end sequencing. Sequences

were aligned to the UCSC Hg19 mouse genome using tophat (v2.1.1) and counts per gene determined using htseq (v0.6.1).

R/Bioconductor was used for subsequent analysis. Following loading of read counts using DESeq2, fragments per kilobase per

million mapped fragments (FPKM) were calculated. hOPCs isolated from three separate fetal samples between 20- and 21-week

gestation age were used. edgeR was used for differential expression analysis of read counts (Robinson et al., 2010). Genes with

low counts (less than one count-per-million) in at least three libraries were removed from the analysis, and TMM normalized to ac-

count for differences between libraries (Robinson et al., 2010). A quasi-likelihood negative bionomial generalized log-linear model

was fitted and empirical Bayes F-test performed to identify differentially expressed transcripts in PRRX1-expressing hOPCs. This

was preferred as it provides a robust method given the small number of biological replicates (n = 3, fetal samples). p values were

controlled for multiple testing by determining the false discovery rate (FDR). Pathway analysis was performed in edgeR using

gene ontology (GO) enrichment analysis, KEGG pathway enrichment analysis, and gene set enrichment analysis of Broad C2

gene sets (v5) using camera. Heatmaps were plotted using on expression values following variance stabilizing transformation of

normalized count data (DESeq2).

Treatment with IFN-g and BMPs
hOPCs were then grown in SFM supplemented with 20ng/ml PDGF-AA and 5ng/ml of NT-3 prior to and during the treatment with

IFN-g or BMP (Peprotech). For mRNA-extraction, hOPCs were treated with IFN-g for 18 hr. For BMP2/BMP4, hOPCs were treated

for 40 hr before mRNA extraction. For assessment of proliferation following cytokine treatment, hOPCs were treated with IFN-g

(0-100 ng/ml) and added at eachmedia change. The culture was given an 18-hr terminal BrdU pulse prior to fixation and assessment

of mitotic index. For assessment of cell fate, cultures were treated with cytokines for 24 hr prior to fixation. OLIG2 (Millipore) and

GFAP (Covance) were stained as described above.10 random fields were imaged at 20X, and at least 500 cells were counted in

each condition.

siRNA-mediated PRRX1 knockdown
Stealth RNAi molecules were obtained from ThermoFisher Scientific, three targeting human PRRX1 (HSS143371, HSS143372,

HSS143373), and a non-targeting control RNAi (NTC #12935112). hOPCs were seeded at 80% confluence onto 48-well plates.

24 hr later, combined or individual siRNAs (total concentration 100 nM) were transfected using Lipofectamine RNAiMAX transfection

reagent (ThermoFisher Scientific). The three individual PRRX1 siRNA reduced mRNA expression by 65 ± 3, 45 ± 5 and 76 ± 3%

respectively, while the pooled siRNA reduced expressed 73 ± 7% (n = 2, human samples). hOPCs were treated with IFN-g

10 ng/ml at 8 hr post transfection and cells fixed 24hrs later. Proliferation was assessed by measurement of EdU incorporation

(8-hour terminal pulse, 10 mM EdU) using the Click-iT Plus Edu Alexa imaging kit (ThermoFisher Scientific). Experiments were per-

formed on hOPCs from individual human fetal samples, and the mitotic index was calculated relative to cells transfected with

NTC in the absence of IFN-g. Identical experiments performed in 6-well plates were performed with subsequent RNA extraction

and RNA-seq as described above (n = 2, human samples).

Fluorescent in situ hybridization (FISH)
Triple label FISH was performed with probes targeting Prrx1 (GenBank: NM_011127.2), Pdgfra (GenBank: NM_011058.2), Ki67

(GenBank: NM_001081117.2) mRNA using RNAscope Fluorescence V2 assay (Advanced Cell Diagnostics) according to the manu-

facturer’s instructions. Postnatal day 7 (p7), day 28, and 24-week-old mice were euthanized and perfused with 0.9% saline followed

by 4% paraformaldehyde. Dissected mice brains and spinal cords were cryopreserved in sucrose gradient (10, 20, 30%) for 24hr

each and then snap frozen in OCT prior to sectioning at 16 mm thickness. Fixed sections were baked at 60�C for 1 hr, washed

with ethanol, followed by tissue pretreatment, probe hybridization following the RNAscope fluorescence multiplex assay and sec-

tions were counterstained with DAPI to visualize nuclei. Positive stained cells were identified as punctate dots present in nucleus

and cytoplasm. Confocal Z stack images (every 0.2 mm) within the corpus callosum were taken (Zeiss LSM 510 Meta), and Z stacked

images generated.

Animals and spinal cord surgery
All experiments were performed according to protocols approved by the University at Buffalo’s Institutional Animal Care and Use

Committee. Focal demyelination of adult (24 week) mouse spinal cord was induced as previously described (Zhao et al., 2006; Well-

iver et al., 2018). Briefly, animals were anesthetized under isoflurane, and 0.5 mL 1% lysolecithin (La-lysophosphatidylcholine, Sigma)

was directly injected into the dorsal and ventral funiculus of the spinal cord between two thoracolumbar vertebrae. For experiments

involving IFN-g, was diluted in 0.9% saline, mixed with 1% lysolecithin to a final concentration of 300U per injection and demyelin-

ation induced by injection of the mixture into the spinal cord. Animals were sacrificed at 5 days post-lesion (dpl) by transcardial
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perfusion of saline followed by 4%paraformaldehyde under deep anesthesia. The spinal columnwas extracted, post-fixed for 30min

in 4% paraformaldehyde, the spinal cord isolated and processed as described above.

Statistical analysis
Statistical analyses were performed using Prism software (GraphPad Software). In vitro experiments were performed with at least

three independent fetal samples, and differences among overexpression groups were compared using one-way repeated-measures

ANOVA with Dunnett’s multiple comparisons post-test. Differences among the groups for in vivo experiments were compared using

one-way or two-way ANOVA with Bonferroni’s or Dunnett’s post-test where appropriate. Statistical significance was considered at

p < 0.05. All data are reported as mean ± SEM.
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Supplemental Figures 

 

Figure S1 (related to Figure 3). PRRX1 over-expression was maintained for 12 weeks in engrafted human 

cells in vivo. Engrafted fetal human oligodendrocyte progenitors infected with PRRX1a or PRRX1b LV were 

examined after 12 weeks. a, PPRX1 expression was readily apparent in the majority of human (hNA; green) cells 

with antibodies recognizing the flag tag in the PRRX1a variant or specific to the PRRX1b variant (both in red). b, 

Proliferation of PRRX1 expressing engrafted cells was also confirmed by observing Ki67-PRRX1 double-positive 

cells. Arrowheads indicate double-positive cells. Scale: 50 µm. 

  



 

Figure S2 (related to Figure 3). Proliferation of human oligodendrocyte progenitors varies with density in 

vivo. Mice were sacrificed 12 wk following implantation of fetal human oligodendrocyte progenitors infected with a 

control mCherry lentivirus. Dashed lines demarcate range of densities used for Ki67 analysis. The density of 

implanted cells was calculated in regions within corpus callosum and plotted against the percentage of cells positive 

for Ki67 by immunohistochemistry (n = 9; r2 = 0.70, p < 0.01, Pearson’s correlation). 



 

Figure S3 (related to Figure 3). Selective advantage of control hOPCs versus PRRX1-expressing quiescent 

hOPCs in shiverer forebrain. a, control mCherry-infected hOPCs were mixed 1:1 with PRRX1a-FLAG-infected 

hOPCs prior to unilateral engraftment into the corpus callosum of postnatal day 2-3 shiverer/rag2 mice (n = 3). 

Mice were sacrificed at 4 wk to assess migration and engraftment of each population. b, the distribution of 

mCherry+hNA+ and FLAG+hNA+ cells was assessed at the site of implantation (A) and in the contralateral corpus 

callosum (B). The vast majority of hNA+ cells (green) co-expressed mCherry (red). In contrast to transplanted 

PRRX1a-FLAG+ cells at 12 weeks (Figure S1), no FLAG+ cells were detected at either site, indicating that PRRX1-

infected hOPCs failed to successfully engraft. Scale: 50 µm.   



 

  



Figure S4 (related for Figure 5). Analysis of splice-specific effects of PRRX1 over-expression on hOPCs. To 

better identify transcripts regulated by PRRX1 in a splice-specific manner, we used a modified linear model in 

which PRRX1 transcript level was used as an additional covariate. The PRRX1a and PRRX1b-infected hOPC 

transcriptomes were then compared by edgeR analysis and pathway analysis. a, Differential expressed transcripts 

between PRRX1a and PRRX1b (q < 0.1) were further filtered to include only those regulated significantly vs. 

mCherry-infected OPCs (q < 0.05). 7 genes were specifically regulated by PRRX1a and 38 genes by PRRX1b. 

Heatmaps show relative expression of vst normalized counts for each gene to the median level across samples (log2 

scale shown). b, topGO analysis of transcripts regulated between 1a and 1b (q < 0.1) revealed that locomotion 

(GO:004001) were among the top 5 pathways up-regulated by 1b (p = 4.2 x 10-11). c, selected genes plotted based on 

normalized counts (pseudocount of 0.5; mean ± SEM, n = 3). All genes were significantly regulated between 

PRRX1a and PRRX1b conditions. 

  



 

Figure S5 (related to Figure 6). IFN- and BMP reduce hOPC proliferation. a, hOPCs were grown in SFM 

without PDGF-AA (Control) or following addition of IFN- (10 ng/ml) or BMP-7 (50 ng/ml) for 24 hrs. Flow 

cytometry of S phase entry (red; 2-h EdU incorporation) and G1/0 and G2/M phases (blue and green, respectively). 

Both IFN- and BMP7 treatment substantially reduced the proportion of S-phase hOPCs. The same number of 

events are shown in each dot plot following gating for singlet discrimination. b, quantification of mitotic index 

(defined as % S-phase relative to control cells) (mean ± SEM, n = 2 fetal human samples).  



 

Figure S6 (related to Figure 6). Effect of BMP2/4 and IFN- on hOPC lineage and astrocyte differentiation. a, 

hOPC were treated with BMP2 (5-50 ng/ml), BMP4 (50ng/ml), or IFN-  (1-10 ng/ml) for 24 hours. The effect of 

cytokine treatment on oligodendrocyte lineage commitment (OLIG2, green) and astrocyte fate (GFAP, red) was 

assessed by immunocytochemistry. b, Quantification of OLIG2+ and GFAP+ cells among DAPI+ cells (mean ± 

SEM, n = 3 fetal human samples, *p < 0.05, one-way ANOVA, Dunnett’s multiple comparisons post-test vs. 

control). c, Proliferation of OLIG2+ cells was assessed following terminal 8-hr EdU incorporation at 24 hours of 

BMP treatment. BMP4 (50 ng/ml) treatment caused a significant decrease in OLIG2+ cell proliferation relative to 

controls (paired t-test, p < 0.05, n = 3 fetal human samples). Scale: 50 µm. 



 



Figure S7 (related to Figure 6). PRRX1 siRNA reduces cholesterol biosynthesis and reverses IFN- induced 

gene expression. Human hOPCs were treated with IFN- (10 ng/ml) at 8 hrs post transfection and RNA extracted 

24hrs later. a, Heatmap demonstrating clustering of individual RNA samples by sample-to-sample distances. The 

effects of IFN- and PRRX1 siRNA treatment on hOPC transcriptome are clearly distinguishable. b, Gene 

Ontology-based over-representation analysis of genes regulated by PRRX1 siRNA in hOPCs. c-d, Pathway analysis 

by gene set enrichment and topGO revealed PRRX1 target gene regulation of cholesterol biosynthesis genes (c, 

camera q = 0.0059) and myelination-associated transcripts (d, topGO p = 1.6 x 10-4). e-f, Gene set enrichment 

analysis examining the effect of PRRX1 siRNA on the IFN- induced transcriptional response demonstrated that 

PRRX1 siRNA was able to attenuate the induction of IFN-related transcripts. Red bars indicate the position of up-

regulated genes and blue bars down-regulated genes in each gene set. The red/blue traces above/below show relative 

enrichment of up and down-regulated genes respectively (q-value shown). 

  



Supplemental Tables 

Gene / Target sequence Sequence (5’ to 3’) 

PRRX1a Fwd: CGCAGGAATGAGAGAGCCAT 

Rev: AACATCTTGGGAGGGACGAG 

PRRX1b Fwd: ACGCTTCCCTCCTCAAATCC 

Rev: AGTAGCCATGGCGCTGTACG 

CCNA1 Fwd: TTCCCGCAATCATGTACCCTG 

Rev: TGTAGCCAGCACAACTCCACT 

CCNB1 Fwd: CGCCTGAGCCTATTTTGGTTG 

Rev: AGTGACTTCCCGACCCAGTA 

CCNE2 Fwd: TCTTCACTGCAAGCACCATC 

Rev: ACCTCATTATTCATTGCTTCCAA 

SGOL1 Fwd: GACCCCAATAGTGATGACAGC 

Rev: GAAATGATTCTCCTTGTCCTGG 

RRM2 Fwd: CGGAGCCGAAAACTAAAGCAG 

Rev: TCTCCTCGGGTTTCAGGGAT 

ANLN Fwd: GCTGCGTAGCTTACAGACTTAGC 

Rev: AAGGCGTTTAAAGGTGATAGGTG 

IRF1 Fwd: CAACATGCCCATCACTCGGA 

Rev: TGCTTTGTATCGGCCTGTGT 

 

Table S1 (related to Figures 5 & 6). qPCR primers and Taqman assays used in this study. 
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