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The Autotaxin-Lysophosphatidic Acid Axis Modulates
Histone Acetylation and Gene Expression during
Oligodendrocyte Differentiation

Natalie A. Wheeler,! James A. Lister,> and Babette Fuss!
Departments of 'Anatomy and Neurobiology and 2Human and Molecular Genetics, Virginia Commonwealth University School of Medicine, Richmond,
Virginia 23298

During development, oligodendrocytes (OLGs), the myelinating cells of the CNS, undergo a stepwise progression during which
OLG progenitors, specified from neural stem/progenitor cells, differentiate into fully mature myelinating OLGs. This progression
along the OLG lineage is characterized by well synchronized changes in morphology and gene expression patterns. The latter have
been found to be particularly critical during the early stages of the lineage, and they have been well described to be regulated by
epigenetic mechanisms, especially by the activity of the histone deacetylases HDACI and HDAC2. The data presented here identify
the extracellular factor autotaxin (ATX) as a novel upstream signal modulating HDAC1/2 activity and gene expression in cells of the
OLG lineage. Using the zebrafish as an in vivo model system as well as rodent primary OLG cultures, this functional property of ATX
was found to be mediated by its lysophospholipase D (lysoPLD) activity, which has been well characterized to generate the lipid
signaling molecule lysophosphatidic acid (LPA). More specifically, the lysoPLD activity of ATX was found to modulate HDAC1/2
regulated gene expression during a time window coinciding with the transition from OLG progenitor to early differentiating OLG.
In contrast, HDAC1/2 regulated gene expression during the transition from neural stem/progenitor to OLG progenitor appeared
unaffected by ATX and its lysoPLD activity. Thus, together, our data suggest that an ATX-LPA-HDAC1/2 axis regulates OLG
differentiation specifically during the transition from OLG progenitor to early differentiating OLG and via a molecular mechanism
that is evolutionarily conserved from at least zebrafish to rodent.

(s )

The formation of the axon insulating and supporting myelin sheath by differentiating oligodendrocytes (OLGs) in the CNS is
considered an essential step during vertebrate development. In addition, loss and/or dysfunction of the myelin sheath has been
associated with a variety of neurologic diseases in which repair is limited, despite the presence of progenitor cells with the potential
to differentiate into myelinating OLGs. This study characterizes the autotaxin-lysophosphatidic acid signaling axis as amodulator
of OLG differentiation in vivo in the developing zebrafish and in vitro in rodent OLGs in culture. These findings provide novel
insight into the regulation of developmental myelination, and they are likely to lead to advancing studies related to the stimulation
of myelin repair under pathologic conditions. j

ignificance Statement

characterized by well coordinated changes in gene expression and
cellular morphology (Wegner, 2008; Bauer et al., 2009; Mitew et
al., 2014). The developmental timing of this progression along
the OLG lineage is finely tuned by extracellular signals and intra-

Introduction
The differentiation of the myelinating cells of the CNS, namely
oligodendrocytes (OLGs), follows a stepwise program that is
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cellular pathways. In particular, and at the transition from OLG
progenitor to differentiating OLG, epigenetic mechanisms asso-
ciated with a progressive compaction of chromatin have been
found to play a central role (Mori and Leblond, 1970; Shen and
Casaccia-Bonnefil, 2008; Copray et al., 2009; Liu and Casaccia,
2010; Jacob et al., 2011; Yu et al., 2013; Bischof et al., 2015; Liu et
al., 2015). The current understanding of the above mechanisms
affecting the chromatin landscape involves histone deacetylation
via the action of the class I histone deacetylase (HDAC) members
HDACI and HDAC2 (Shen et al., 2005, 2008; Ye et al., 2009; Wu
et al., 2012). In general, HDAC1/2-containing complexes are
considered to remove acetyl groups from histone tails, thereby
favoring a condensed chromatin structure and limiting DNA ac-
cess for transcription factors (Grunstein, 1997). In the case of the
OLG lineage, it has been demonstrated that the target genes af-
fected by HDAC1/2 deacetylation include clusters of coregulated
genes implicated in transcriptional repression (Swiss et al., 2011).
Thus, it is deacetylation-mediated repression of transcriptional
inhibitors of OLG differentiation, such as Egrl, Id2, and SoxI1,
that is thought to promote progression along the OLG lineage.
Although the intracellular aspects of this mechanism have been
well characterized, little is known about the extracellular signals
that may be modulating it (Wu et al., 2012).

In our previous studies, we identified autotaxin (ATX), also
known as ENPP2, phosphodiesterase-Ia/ATX, or lysophospho-
lipase D (lysoPLD), as an extracellular factor that promotes OLG
differentiation at various steps along the progression of the lin-
eage and via the action of two distinct functionally active domains
(Dennisetal., 2005, 2008; Yuelling and Fuss, 2008; Nogaroli et al.,
2009; Yuelling et al., 2012). In this regard, the so-called modula-
tor of OLG remodeling and focal adhesion organization
(MORFO) domain of ATX was found to regulate primarily the
morphological aspects of OLG differentiation (Fox et al., 2003;
Dennis et al., 2008, 2012), while its lysoPLD-active site, which
generates the lipid signaling molecule lysophosphatidic acid
(LPA; Tokumura et al., 2002; Umezu-Goto et al., 2002; van
Meeteren and Moolenaar, 2007; Nakanaga et al., 2010), may be
predominantly modulating gene expression (Nogaroli et al.,
2009). Intriguingly, studies assessing the functions of ATX as a
whole and in vivo in the developing zebrafish revealed a lineage
promoting, and likely gene expression regulatory, role at the
transition from OLG progenitor to differentiating OLG (Yuelling
et al., 2012). Thus, we investigated here a possible role of, in
particular, the lysoPLD activity of ATX in modulating histone
deacetylation and gene expression during the early stages of the
OLG lineage.

Materials and Methods

Animals. Zebrafish embryos were obtained through natural matings,
raised at 28.5°C and staged according to morphological criteria and
hours postfertilization (hpf; Kimmel et al., 1995). Wild-type fish were of
the AB strain and Tg(nkx2.2a:megfp)"!” (Kirby et al., 2006; Kucenas et
al., 2008), abbreviated Tg(nkx2.2a:megfp), as well as Tg(olig2:dsred2)""’
(Kucenas etal., 2008), abbreviated Tg(olig2:dsred2), fish were kindly pro-
vided by Sarah Kucenas (University of Virginia, Charlottesville, VA) and
Bruce Appel (University of Colorado Anschutz Medical Campus, Au-
rora, CO). Sprague Dawley female rats with early postnatal litters were
obtained from Harlan Laboratories. All animal studies were approved by
the institutional animal care and use committee at Virginia Common-
wealth University.

Antibodies. Supernatants from cultured hybridoma cells (clone A2B5;
American Type Culture Collection) were used for immunopanning.
Anti-acetyl-histone H3 (Lys 9) antibodies (Cell Signaling Technology)
were used for Western blot analysis and immunocytochemistry. Anti-
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histone H3 antibodies (Cell Signaling Technology) and IRDye 680RD-
and 800CW-conjugated secondary antibodies (LI-COR Biosciences)
were used for Western blot analysis. Supernatants from cultured hybrid-
oma cells (clone O4; gift from S. E. Pfeiffer, University of Connecticut
Health Center, Farmington, CT), anti-caspase-3, active (cleaved) form
(EMD Millipore), anti-Ki67 (Leica), and Alexa Fluor 488- and/or Alexa
Fluor 568-conjugated secondary antibodies (Life Technologies) were
used for immunocytochemistry.

Pharmacological compounds. Zebrafish embryos and primary cultures of dif-
ferentiating OLGs were treated with the following compounds: ATX-lysoPLD
activity inhibitors S$32826 (P-[[4-[(1-oxotetradecyl)amino]phenyl|methyl]-
phosphonic acid; Cayman Chemical Company) and HA130 (B-[3-[[4-[[3-[(4-
fluorophenyl)methyl]-2,4-dioxo-5-thiazolidinylidene | methyl]phenoxy]
methyl|phenyl]-boronic acid; Tocris Bioscience/Bio-Techne), HDAC1/
2/3 inhibitor CI994 (4-(acetylamino)-N-(2-aminophenyl)benzamide;
Selleckchem) and HDACS inhibitor Tubastatin A (N-hydroxy-4-((2-
methyl-1,2,3,4-tetrahydropyrido[4,3-b]indol-5-yl)methyl)benzamide
hydrochloride; Selleckchem), all of which were dissolved in dimethyl-
sulfoxide (DMSO), resulting in a final experimental concentration of
0.1% DMSO, which is well tolerated in both the zebrafish and the cell
culture system (Lyssiotis et al., 2007; Maes etal., 2012). LPA (18:1; Sigma)
was dissolved in DMEM containing 0.1% fatty acid-free bovine serum
albumin (BSA). Control in all experiments in which pharmacological
compounds were used refers to vehicle treatment.

Cell culture. Primary OLG progenitors were isolated from postnatal day 2
(P2) rat brains by A2B5 immunopanning and cultured as described previ-
ously (Barres et al., 1992; Lafrenaye and Fuss, 2010; Martinez-Lozada et al.,
2014). Briefly, immunopanned OLG progenitors were plated onto fibronec-
tin (10 pg/ml)-coated tissue culture dishes, glass coverslips, or 96-well plates.
Plated OLG progenitors were cultured in serum-free proliferation medium
(DMEM containing human PDGF and basic fibroblast growth factor; Gem-
ini Bio-Products) for 24 h, after which cells were allowed to differentiate in
serum-free medium [DMEM containing 40 ng/ml tri-iodo-thyronine (T3;
Sigma) and N2 supplement (Life Technologies); DMEM/T3/N2] over the
time periods indicated. Differentiating OLGs were either directly analyzed or
treated as indicated. Typically, at least three independent experiments were
performed, whereby an independent experiment refers to an experi-
ment in which cells were isolated from a separate P2 rat litter at an
independent time point (day) and treated separately from all other
independent experiments.

CRISPR/Cas9 genome editing. Clustered regularly interspaced short
palindromic repeat (CRISPR) target sequences for atx (enpp2), as de-
picted in Figure 1, were identified using the online tools http://crispr.mit.
edu and https://chopchop.rc.fas.harvard.edu (Montague et al., 2014).
Short-guide RNAs (sgRNAs) were generated using the cloning-free/short
oligonucleotide approach described by Talbot and Amacher (2014).
Briefly, short-guide oligonucleotides containing a T7 promoter and
genomic target sites were synthesized by Eurofins MWG Operon. Guide-
constant oligonucleotides were obtained from Life Technologies. Full-
length templates for sgRNA synthesis were generated by PCR using
short-guide and guide-constant oligonucleotides, and PCR templates
were purified using ISOLATE II PCR cleanup columns (Bioline). The
plasmid pT7tyrgRNA (Addgene 46761; kindly provided by Wenbiao
Chen; Jao et al., 2013) was used as a template for the generation of the
tyrosinase (tyr) control sgRNA. sgRNAs were transcribed from their tem-
plates using the MEGAshortscript T7 kit (Life Technologies). Cas9
mRNA was synthesized from the plasmid pT3TS—nCas9n (Addgene 46757;
kindly provided by Wenbiao Chen, Vanderbilt University School of Medi-
cine, Nashville, TN; Jao et al., 2013) using the mMESSAGE mMACHINE T3
Transcription kit (Life Technologies). One nanoliter of a mixture of Cas9
mRNA (100 ng/ul) and sgRNA (80 ng/ul for atx—E2; 95 ng/ul for atx-E7;
100 ng/ul for tyr) was injected per one-cell stage zebrafish embryo. Zebrafish
were analyzed at 48 hpf. Bright-field images of whole embryos were taken
using an Olympus SZX12 zoom stereo microscope (Olympus America)
equipped with an Olympus DP70 digital camera system.

Genomic DNA analysis. Genomic DNA was isolated from control and Cas9
mRNA/sgRNA injected embryos using the DNeasy Blood and Tissue kit (Qia-
gen). DNA fragments spanning genomic target sites were amplified by PCR
using the following primer pairs: atx—E2 “PB-GENE-010426-1150) | foryyard, 57-
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Figure1. Inthedevelopingzebrafish, CRISPR/Cas9-mediated mutagenesis of atx leads to a reduction in the mRNA levels for OLG marker genes. 4, atx (enpp2) genomic structure and CRISPR target
sequences. ATGand TGA indicate the locations of the translation start and stop sites. Protospacer adjacent motif sequences are highlighted in red. The sequence encoding 7210, the threonine residue
shown to be obligatory for the enzymatic activity of ATX, is underlined. B, D, Representative images of agarose gels showing DNA fragments subsequent to Surveyor nuclease treatment of control
homoduplexes (c) and control/atx-E2 (B) or control/atx-E7 (D) homo/heteroduplexes. Numbers on the left indicate DNA sizes in base pairs. Arrowheads indicate cleaved PCR amplicon fragments at
the expected sizesindicative of indel mutations generated by genome editing. €, E, Representative images of sequencing traces obtained from genomic DNA-derived PCR amplicons from control and
(Cas9 mRNA/sgRNA injected zebrafish embryos. Arrows at the top of each trace indicate the location of the target sequence, over and upstream of which a composite sequence trace indicates the
presence of indel mutations generated by genome editing. F, G, Bar graphs illustrating mRNA levels for atx (F) or the OLG marker genes cldnk and plp1b (G) in whole embryos at 48 hpf and as
determined by real-time RT-qPCR analysis. Control (uninjected embryos) values were set to 100% (see horizontal line) and experimental values were calculated accordingly. Data shown represent
means == SEM. ns, Not significant; *p < 0.05, **p = 0.01,***p =< 0.001. H, Representative bright-field images of control (uninjected) and Cas9 mRNA/sgRNA injected embryos at 48 hpf. Scale bars, 1 mm.

AAATTGTTGAAACCATATGCGA-3') and reverse, 5'-GCATCCTAC To assess for indels generated by CRISPR/Cas9 genome editing, PCR
TTTTTGAGAGCGA; and atx—E7 “PB-GENE-040426-1156) fiarq 5/ TGTTTA fragments were sequenced (Virginia Commonwealth University Nucleic
GGTGTGTGCTTAGTGC-3" and reverse, 5-AATCTGCAATTAATACA Acid Research Facilities), and the Surveyor Mutation Detection Kit (In-
TACCGTTG-3'. tegrated DNA Technologies) was used.
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ATX-lysoPLD activity assay. ATX-lysoPLD activity was determined
using the fluorogenic assay as described by Ferguson et al. (2006). Whole
zebrafish homogenates diluted in 140 mm NaCl, 5 mm KCl, 1 mm CaCl,,
1 mm MgClL,, 5 mm Tris/HCL, pH 8.0, 1 mg/ml fatty acid-free BSA
(Sigma-Aldrich) or concentrated (40X ) conditioned medium from pri-
mary OLG cultures grown in phenol-red-free DMEM were incubated
with 2.5 um FS-3 substrate (Echelon Biosciences) for 4 h at 37°C. Increase
in fluorescence with time was measured at an excitation wavelength of
485 nm and an emission wavelength of 520 nm using a PHERAstar
multimode microplate reader (BMG Labtech).

RNA isolation and real-time RT-qPCR analysis. For the isolation of
RNA from whole zebrafish embryos or cultured rodent OLGs, samples
were collected in TRIzol (Invitrogen) and homogenized immediately.
RNA was extracted as described by Chomczynski and Sacchi (1987). For
the isolation of RNA from fluorescence-activated cell sorting (FACS)-
isolated cells, cells were collected directly in TRIzol and then immediately
processed using the RNeasy Micro Kit from Qiagen. All RNA samples
were treated with DNase (DNA-Free Kit; Applied Biosystems/Ambion.
RNA concentrations were determined using a Nanodrop ND 1000 Spec-
trophotometer (Thermo Fisher Scientific/NanoDrop), and purity was
assessed by the ratio of absorbance at 260 and 280 nm (OD,(,5, = 1.8).
Oligo-dT-primed cDNAs were synthesized from 50 ng to 1 ug of RNA
using the Omniscript or Sensiscript RT Kit (Qiagen) according to the
guidelines of the manufacturer. RNA samples were normalized to the
same approximate concentration, and the same amount of RNA was
used for all conditions of an individual independent experiment. As
control, cDNA reactions without reverse transcriptase were performed
for all samples. PCR reactions performed with such no-reverse-
transcriptase cDNAs as template yielded quantitation cycle (Cq) num-
bers that were at least five cycles below the lowest Cq for any of the
experimental samples (unknowns), whereby Cq values for unknowns
were within the linear quantifiable range as determined by calibration
curves. Gene-specific primers were designed and in silico tested for spec-
ificity using National Center for Biotechnology Information/Primer-
BLAST (basic local alignment search tool; Ye et al., 2012). All primers
were designed to amplify all known splice variants. For each primer pair
listed below, amplicon length is noted in base pairs. In addition, PCR
efficiencies are given in percentage and correlation coefficients (r? val-
ues) as single numbers, whereby the latter were determined from calibra-
tion curves using RNA samples derived from species and tissue/cell type
equivalent sources.

The following unmodified zebrafish gene-specific primer pairs were used:
atx/enpp2 “PB-CENE-010126-1156) forivard, 5'-CAATGTATGCAGCATTCAAA
CGAGTG-3" (exon 22), and reverse, 5'-CACCATTTTTCTCACTAGCG
TAACG-3' (exon 23), 79 bp, 107%, 0.996; plp1h “PB-GENE-030710-0) foyryard,
5"-TGCCATGCCAGGGGTTGTTTGTGGA-3 (exon 5), and reverse, 5'-
GGCGACCATGTAAACGAACAGGGC-3 (exon 6/7), 143 bp, 96%, 1000;
cldnk “PBGENEO10801-200 - forward,  5'-TGGCATTTCGGCTCAAGCTCT
GGA-3' (exon 1), and reverse, 5'-GGTACAGACTGGGCAATGGACCTGA-3
(exon 2), 135 bp, 93%, 0.999; inab ( gefiltin) (ZDB-GENE-990415-83) i,
ward, 5'-CTCTCCATCCCGGCTGAGCAGCT-3’ (exon 1), and reverse, 5'-
AGCCTGGGATGTTGGGGCGGTT-3" (exon 1), 74 bp, 105%, 0.997;
gfap #PB-GENE990914-3) - fiyrivard, 5'-TGAGACAAGCGAAGCAGGAGGCC
A-3" (exon 5), and reverse, 5'-GGCGCTCCAGGGACTCATTAGACCC-3'
(exon5/6), 102 bp, 101%, 0.997; prph (plasticin) “PB-CENE-990415-207) "y
ard, 5'-ACTCCTACCGCACCTCTCACCACCG-3’ (exon 1), and reverse, 5’'-
TAGCGGCCCCCGATGCGACTG-3' (exon 1), 70 bp, 93%, 0.997; and
sox]QWPHCENEOT07-D 1 forward,  5'-TGGACACCACCCTCACGCTA-3'
(exon 3), and reverse, 5'-CTGCAGTTCCGTCTTGGGGG-3' (exon 4), 76 bp,
949, 0.966. B-Actin [actb2 (ZDB-GENE-000329-3), Buckley et al., 2010] was used as
reference gene (60 bp, 95%, 0.999); eeflal/1 (ZDB-GENE-990415-52) }as heen as-
sessed as an additional reference gene for the analysis of RNA derived from the
developing zebrafish, and no pronounced differences were noted (Yuelling et al.,
2012).

The following unmodified rat gene-specific primer pairs were used:
Cnp NM_0128092) " £y rwvard, 5'-ATGCCCAACAGGATGTGGTG-3' (ex-
on 3/4) and reverse, 5'-AGGGCTTGTCCAGGTCACTT-3" (exon 4),
150 bp, 103%, 0.990; Ugt§ ™M-0192763) " forward, 5'-AGGAGCTCTG
GGGAGATTGC-3" (exon 3) and reverse, 5'-TTTGAATGGCCAAGC
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AGGTCA-3" (exon 4/5), 126 bp, 108%, 0.960; Egrl NM-0129512)
forward, 5'-CCTGACCACAGAGTCCTTTTCT-3" (exon 1/2) and re-
verse, 5'-AAAGTGTTGCCACTGTTGGG-3" (exon 2), 150 bp, 93%,
0.996; and Pgkl NM-0332913) (a5 reference gene), forward, 5'-
ATGCAAAGACTGGCCAAGCTAC-3" (exon 8) and reverse, 5'-
AGCCACAGCCTCAGCATATTTC-3’ (exon 9), 103 bp, 103%, 0.997.

Pgk1 was used as reference gene due to its previously established ex-
pression stability in rat OLGs (Nelissen et al., 2010). In addition,
Ppiag NM-017101-1) has been assessed as additional reference gene for the
analysis of RNA derived from differentiating OLG cultures, and no pro-
nounced differences were noted.

RT-qPCR reactions with at least two technical replicates per sample
were performed on a CFX96 real-time PCR detection system (Bio-Rad)
using the iQ SYBR Green Supermix (Bio-Rad). PCR conditions were as
follows: 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, 58°C for
30 s, and 95°C for 10 s. For all primer pairs, melting curves were used to
ensure specificity. Relative expression levels were determined using the
AACT method (Livak and Schmittgen, 2001).

Whole-mount in situ hybridization. Zebrafish embryos were fixed in
4% paraformaldehyde in PBS overnight at 4°C and stored in metha-
nol at 22°C for at least 1 d. Colorimetric in situ hybridizations using
digoxigenin-labeled antisense cRNA probes were performed by standard
methods and as described previously (Thisse and Thisse, 2008, 2014;
Yuelling et al., 2012). In situ hybridized embryos were mounted in 90%
glycerol/PBS, and whole-mount images were acquired using the ex-
tended focus module of the Axiovision software package in combination
with an Axio Observer Z.1 or SteREO Discovery.V20 microscope
equipped with an AxioCam MRc digital camera (Carl Zeiss). Once cap-
tured, images were imported into Adobe Photoshop, and adjustments
were limited to cropping and brightness/contrast adjustments that were
applied equally across the entire image and to controls. In situ-labeled
cells were counted using the Cell Counter plugin to the NIH Image]
software package (Abramoff et al., 2004).

Isolation of OLG progenitors from zebrafish embryos using FACS.
Tg(nkx2.2a:megfp;olig2:dsred2) zebrafish embryos (up to 300 per sample)
were anesthetized with tricaine methanesulfonate (MS-222; Sigma-Aldrich)
and subjected to enzymatic (trypsin and DNase) and mechanical (20 and 26
gauge needle) dissociation. Cell suspensions were resuspended first in 1 ml
and then in 500 ul of ice-cold 5% goat serum in PBS after centrifugation (at
956 X g for 2 min at 4°C) and then subjected once again to mechanical
dissociation (26 gauge needle). Cell suspensions were passed through a 40
pum filter and then through a fluorescence-activated cell sorter (FACS Aria IT;
BD Biosciences) using an 85 um nozzle. Cell sorting was performed at room
temperature using a 488 nm laser (>20 mW power, solid state; Coherent)
for excitation and 530/30 and 585/42 nm bandpass filters for the collection of
emission. Settings were carefully determined empirically and reproduced
exactly in each experiment. Gates were demarcated to sort only mEGFP/
DsRed2 double-positive cells. The speed of sorting (usually no more than
one to two drops per event) was adjusted to obtain a purity of >95%. Cells
were suspended in either PBS (HDAC activity assay) or TRIzol (RNA
isolation).

HDAC activity assay. FACS-isolated cells were plated into 96-well
plates (1 X 10* cells per well) and assayed directly. Rodent OLG progen-
itor cells were cultured and treated in fibronectin-coated 96-well plates
(1 X 10 cells per well) and then assayed. HDAC activity was determined
using the fluorometric HDAC Activity Assay Kit from BioVision. Briefly,
the cell-permeable HDAC substrate Boc-Lys(AC)-AMC was added, and
cells were incubated for 3 h at 37°C. Subsequent incubation with the
lysine developer (30 min at 37°C) was used to produce a fluorophore
from substrate sensitized through deacetylation. Fluorescence, as a mea-
sure of HDAC activity, was determined using a Spectra Max M5 fluores-
cent plate reader (Molecular Devices) with excitation/emission at 360/
460 nm. In each experiment, triplicates were prepared for all conditions
and treatments.

Immunocytochemistry. For immunocytochemistry using O4 hybrid-
oma supernatants, cells were fixed in 4% paraformaldehyde/PBS, non-
specific binding sites were blocked in 10% FCS/DMEM, and cells were
incubated with the supernatant (1:1 diluted in 10% FCS/DMEM) over-
night. Cells were fixed and, in case of dual staining, permeabilized using
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0.5% Triton X-100/0.4 M sucrose/PBS and then incubated for 30 min in
blocking solution (10% FCS/DMEM). Subsequently, cells were incu-
bated overnight with anti-acetyl-histone H3 (Lys 9), anti-caspase-3 [ac-
tive (cleaved) form], or anti-Ki67 antibodies overnight. Primary
antibodies were detected using Alexa Fluor 488- or Alexa Fluor 568-
conjugated secondary antibodies (Life Technologies), and nuclei were
counterstained using Hoechst 33342 (EMD Millipore). For the genera-
tion of representative images, confocal laser scanning microscopy was
used (LSM 700; Carl Zeiss). Images represent 2D maximum projections
of stacks of 0.5 um optical sections.

Nuclear histone acetylation analysis. Cells double-labeled for O4 and
acetyl-histone H3 (Lys 9) were imaged using confocal laser scanning
microscopy (LSM 700; Carl Zeiss). Single focal plane images were
taken using a 40X/1.3 numerical aperture plan-apochromat objective
lens. Images were taken from O4-positive cells and focused on the
region of the nucleus as marked by staining with Hoechst. Laser in-
tensity, detector gain, and amplifier offset were optimized and kept
constant throughout the imaging of all samples from one experiment.
Fluorescence intensity, i.e., average pixel intensity, for the anti-acetyl
histone H3 (Lys 9) signal, as a measure for the level of histone acety-
lation, was determined over the area of the nucleus using IP Lab
imaging software (BD Biosciences). Unprocessed confocal images
were used for analysis, and threshold settings were kept constant once
determined.

Western blot analysis. Cells were homogenized in lysis buffer (150
mum NaCl, 10 mm KCI, 20 mm HEPES, pH 7.0, 1 mm MgCl?, 20%
glycerol, and 1% Triton X-100) including the complete protease and
phosphatase inhibitor mixture (Thermo Fisher Scientific). Five mi-
crograms per sample were used for Western blot analysis to detect
acetyl histone H3 (Lys 9) and total H3. Bound primary antibodies
were detected using IRDye 680RD- and 800CW-conjugated second-
ary antibodies (LI-COR Biosciences). Signal intensities were
determined using an Odyssey infrared imaging system (LI-COR
Biosciences).

Cell survival and proliferation analysis. Cells were subjected to immu-
nostaining using O4 hybridoma cell supernatants and antibodies spe-
cifically recognizing the active (cleaved) form of caspase-3 or the Ki67
antigen. To determine the number of caspase-3 or Ki67 immunopo-
sitive cells, images of four fields per coverslip were taken with a 20X/
0.8 numerical aperture plan-apochromat objective lens using a
confocal laser scanning microscope (LSM 700; Carl Zeiss). Three
coverslips per condition for each of three independent experiments
were analyzed, and Hoechst 33342-positive nuclei as well as caspase-3
or Ki67 immunopositive OLGs were counted using the Cell Counter
plugin to the NIH Image] software package (Abramoff et al., 2004).

Statistical analysis. To determine significance, GraphPad Prism
(GraphPad Software) or SigmaPlot (Systat Software) software was
used. Data composed of two groups were analyzed using the two-
tailed Student’s ¢ test or the Mann—Whitney U test and presented in
bar graphs depicting means = SEMs or box and whisker plots depict-
ing medians and quartiles. Data compared with a set control value
lacking variability were analyzed using the one-sample ¢ test (Skokal
and Rohlf, 1995; Dalgaard, 2008) and presented in bar graphs.

Results

In the developing zebrafish hindbrain, ATX promotes the
timely appearance of differentiating OLGs via its lysoPLD
activity

Our previous studies, using antisense morpholino oligonucleotide-
mediated knock-down of atx expression, revealed that, in the devel-
oping zebrafish hindbrain, ATX promotes the timely appearance of
cells committed to the OLG lineage without affecting the number of
olig2-positive progenitor cells, the overall morphology of the axonal
network, or the differentiation of somatic abducens motor neurons
(Yuelling et al., 2012). Because recent studies have questioned the
correlation between morpholino oligonucleotide-induced and mu-
tant phenotypes in the zebrafish (Kok et al., 2015), we used CRISPR/
Cas9 genome editing to substantiate the above proposed in vivo role
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of ATX. For these studies, we used the codon-optimized Cas9 with
nuclear localization signals system described by Jao et al. (2013). This
optimized system has been described to lead to an increased fre-
quency of biallelic disruption so that injected (F,) embryos pheno-
copy known mutant phenotypes (Jao et al, 2013). As shown in
Figure 1A—E, injection of guide RNAs against exon 2 or 7 of the atx
(enpp2) gene and in vitro transcribed, capped, polyadenylated nls—
zCas9—nls RNA into one-cell stage zebrafish embryos resulted in the
generation of indel mutations over and upstream of the CRISPR
targeting sequence. These mutations resulted in reduced levels of atx
mRNA (Fig. 1F; atx—E2,n = 4, ttest, p = 0.0038; atx—E7,n = 6, t test,
p = 0.0006), an effect that was not observed when using a guide RNA
against tyr (tyr, n = 3, t test, p = 0.3468). Most importantly, the
CRISPR/Cas9-mediated reduction in atx expression was found as-
sociated with a decrease in the transcript levels for the later-stage
OLG differentiation marker genes claudin K (cldnk) and proteolipid
protein (plp1b; Fig. 1G; cldnk atx—E2, n = 4, t test, p = 0.0188; cldnk
atx—E7, n = 5, t test, p = 0.0006; plp1b atx—E2, n = 6, t test, p =
0.0155; plp1b atx—E7, n = 5, t test, p = 0.0203). As shown in Figure
1H, injection of Cas9 mRNA with either of the guide RNAs was not
found to be associated with changes in the gross morphology of the
embryos. Therefore, the above described data corroborate our pre-
vious morpholino oligonucleotide-mediated knock-down results
and strongly support a critical in vivo role of ATX in the regulation of
OLG differentiation.

To assess the extent to which this functional role of ATX
may be dependent on its lysoPLD activity, the inhibitors
HA130 and S32826, which have been well characterized to
block the lysoPLD activity of ATX (Ferry et al., 2008; Albers et
al., 2010), were used. Of these inhibitors, HA130 has been
demonstrated previously to effectively block the lysoPLD ac-
tivity of ATX in the developing zebrafish at concentrations
similar to the ones found to block human ATX (Lai et al.,
2012). Two experimental designs were used (Figs. 2A, 3A).
First, to determine the effect of an inhibition of the lysoPLD
activity of ATX on OLG differentiation, inhibitors were added
to zebrafish embryos at 44 h hpf, i.e., at a time point when OLG
progenitors arise in the ventral hindbrain and start to differ-
entiate (Zannino and Appel, 2009; Fig. 2A). Zebrafish em-
bryos were analyzed at 48 hpf, a time point at which transcripts
for cldnk and plp1b start to become detectable (Brosamle and
Halpern, 2002; Takada and Appel, 2010; Miinzel et al., 2012).
As shown in Figure 2B, treatment with either of the inhibitors
at both 1 and 10 uM concentrations significantly reduced the
lysoPLD activity of ATX (HA130 at 1 uM, n = 4, ¢ test, p =
0.0166; HA130 at 10 uM, n = 4, t test, p = 0.0132; $32826 at 1
UM, n =6, ttest, p = 0.0008; S32826 at 10 uM, n = 5, ttest, p =
0.0131). Importantly, both inhibitors significantly reduced
the mRNA levels for cldnk and plp1b at both concentrations
used (Fig. 2C,D; cldnk: HA130 at 1 uM, n = 3, t test, p =
0.0144; HA130 at 10 uM, n = 3, t test, p = 0.0413; S32826 at 1
uM, n = 3, ttest, p = 0.0006; S32826 at 10 um, n = 3, ttest, p =
0.0166; plpI1b: HA130 at 1 um, n = 5, ttest, p = 0.0038; HA130
at 10 um, n =5, ttest, p = 0.0325; S32826 at 1 uMm, n = 5, t test,
p = 0.0071; S32826 at 10 uMm, n = 5, t test, p = 0.0031). In
contrast, there was no change in the number of 0lig2-positive
progenitors (Fig. 2E,F; HA130 at 1 um, n = 5, t test, p =
0.7184; HA130 at 10 uM, n = 5, t test, p = 0.5050; $32826 at 1
UM, n =5, ttest,p = 0.7679; 532826 at 10 uM, n = 5, ttest, p =
0.7277), which at 48 hpf represent early stages of both motor
neuron and OLG lineages (Park et al., 2002; Zannino and
Appel, 2009). Itis notable that neither $32826 nor HA130 were
found to exert cytotoxic effects when treating zebrafish em-
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Figure 2.

In the developing zebrafish, inhibition of the lysoPLD activity of ATX during early stages of OLG differentiation leads to a reduction in the levels of OLG-enriched transcripts without

apparent effects on the number of olig2-positive cells. 4, Experimental design. Embryos were treated with the ATX—lysoPLD inhibitors HA130 and $32826 at a time point when newly specified OLG
progenitors start to differentiate. B, Bar graph depicting ATX—lysoPLD activity in whole embryos as assessed by using the fluorogenic substrate FS-3. C, D, Bar graphsillustrating mRNA levels for the
OLG marker genes cldnk (€) and pip7b (D) in whole embryos as determined by real-time RT-qPCR analysis. E, Bar graph showing the number of olig2-positive progenitors in whole embryos as
determined through whole-mount in situ hybridization. F, Representative extended focus images of whole-mount embryos after in situ hybridization with a probe specific for olig2. Dorsal views over
the hindbrain are shown with anterior to the top. Scale bars, 50 im. G, Representative bright-field images of control (vehicle-treated) and ATX—lysoPLD inhibitor-treated embryos at 48 hpf. Scale
bars, T mm. For all bar graphs, control (vehicle-treated) values were set to 100% (see horizontal line), and experimental values were calculated accordingly. Data shown represent means = SEMs.

ns, Not significant; *p =< 0.05, **p < 0.01, ***p < 0.001.

bryos or cells in culture at the concentrations used here (Ferry
etal., 2008; Albers et al., 2010; Iyer et al., 2012, Lai et al., 2012;
see also the description to Fig. 7 below). Consistently, no gross
morphological defects were noted during the treatment of ze-
brafish embryos with HA130 or S32826 (Fig. 2G), and no
noticeable increase in 7-aminoactinomycin D staining, as a
measure for increased cell death (Philpott et al., 1996), was
detected when analyzing single-cell suspensions from control
and inhibitor-treated whole fish embryos by flow cytometry
(data not shown). Hence, the data shown in Figure 2 suggest
that the lysoPLD activity of ATX, as ATX as a whole (Yuelling
et al., 2012), regulates the progression of olig2-positive pro-
genitor cells into lineage committed and differentiating OLGs
but not the appearance of olig2-positive progenitors itself.

To further confirm the above conclusion, ATX-lysoPLD in-
hibitors were added at a time point at which olig2-positive pro-

genitors begin to arise in the hindbrain, i.e., at 24 hpf (Zannino
and Appel, 2009; Fig. 3A). As shown in Figure 3B-E, treatment
with HA130 had a comparable effect in both experimental de-
signs (ATX activity: HA130 at 1 um, n = 5, t test, p = 0.0051;
HA130 at 10 uM, n = 4, ttest, p = 0.0130; cldnk: HA130 at 1 uMm,
n =4, ttest, p = 0.0037; HA130at 10 uM, n = 5, t test, p = 0.0167;
plplb: HA130 at 1 M, 1 = 4, ttest, p = 0.0272; HA130 at 10 pum,
n =4, ttest,p = 0.0111; olig2: HA130 at 1 um, n = 5, ttest, p =
0.1867; HA130 at 10 um, n = 5, t test, p = 0.8770). Interestingly,
treatment with $32826, when applied at 24 hpf, did not cause a
significant effect on the lysoPLD activity of ATX or cldnk/plp1b
mRNA levels when used at 1 uM and a much-reduced effect when
used at 10 uM (Fig. 3B—E; ATX activity: S32826 at 1 um, n = 3, ¢
test, p = 0.0566; S32826 at 10 um, n = 4, ttest, p = 0.0322; cldnk:
S32826 at1 uMm, n = 5, ttest, p = 0.3999; S32826 at 10 uMm, n =5,
ttest, p = 0.0145; plp1b: S32826 at 1 uMm, n = 3, ttest, p = 0.9437;
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Figure 3.

In the developing zebrafish, inhibition of the lysoPLD activity of ATX during the time window when olig2-positive progenitors arise in the hindbrain leads to a reduction in the levels of

OLG-enriched transcripts without apparent effects on the number of o/ig2-positive cells. A, Experimental design. Embryos were treated with the ATX—lysoPLD inhibitors HA130 and 532826 during
the time window when olig2-positive progenitors arise in the ventral hindbrain. B, Bar graph depicting ATX—lysoPLD activity in whole embryos as assessed by using the fluorogenic substrate FS-3.
C, D, Bar graphs illustrating mRNA levels for the OLG marker genes cldnk (€) and pip7b (D) in whole embryos as determined by real-time RT-qPCR analysis. £, Bar graph showing the number of
olig2-positive progenitors in whole embryos as determined through whole-mount in situ hybridization. F, Representative extended focusimages of whole-mount embryos after in situ hybridization
with a probe specific for olig2. Dorsal views over the hindbrain are shown with anterior to the top. Scale bars, 50 um. G, Representative bright-field images of control (vehicle-treated) and
ATX-lysoPLD inhibitor-treated embryos at 48 hpf. Scale bars, 1 mm. For all bar graphs, control (vehicle-treated) values were set to 100% (see horizontal line), and experimental values were
calculated accordingly. Data shown represent means == SEMs. ns, Not significant; *p =< 0.05, **p =< 0.01, ***p < 0.001.

S32826 at 10 uMm, n = 3, t test, p = 0.0162; olig2: S32826 at 1 um,
n =5, t test, p = 0.2823; S32826 at 10 um, n = 5, t test, p =
0.8073). This lack of effective inhibition of the lysoPLD activity of
ATX is likely attributable to the known poor in vivo stability
and/or bioactivity of $32826 (Ferry et al., 2008, Gupte et al.,
2011). As in the studies to the experimental design shown in
Figure 2, no gross morphological defects (Fig. 3G) or noticeable
increase in cell death (data not shown) were noted.

Together, the above data demonstrate that inhibition of the
lysoPLD activity of ATX mimics the effects on the OLG lineage as
seen during morpholino oligonucleotide-mediated knockdown
of atx expression (Yuelling et al., 2012) or CRISPR/Cas9-
mediated genome editing at the atx locus (Fig. 1). Thus, they
establish that it is the lysoPLD activity of ATX that is necessary for
the timely appearance of differentiating OLGs in the developing
zebrafish hindbrain.

In the developing zebrafish, ATX-lysoPLD promoted
progression along the early stages of the OLG lineage is
associated with an increase in HDAC activity

The progression along the early stages of the OLG lineage, as seen
regulated by the lysoPLD activity of ATX, has been well estab-
lished to be associated with epigenetic modifications and in par-
ticular with an increase in histone deacetylation (Marin-Husstege
et al., 2002; Shen et al., 2005, 2008; He et al., 2007; Liu and Casa-
ccia, 2010; Takada and Appel, 2010; Swiss et al., 2011). In addi-
tion, in studies unrelated to ATX, it has been shown that LPA, for
which enzymatic lysoPLD activity represents one of the known
biosynthetic pathways (Aoki et al., 2008), can increase histone
deacetylation in a number of human cancer cell lines (Ishdorj et
al., 2008). Thus, and in an effort to identify downstream targets of
the lysoPLD activity of ATX involved in the regulation of OLG
differentiation, we focused on HDACs and their activity. For
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In the developing zebrafish, inhibition of the lysoPLD activity of ATX during early stages of OLG differentiation leads to a reduction in HDAC activity within cells of the OLG lineage. A,

Experimental design using Tg(nkx2.2a:megfp;olig2:dsred2) zebrafish embryos, which were treated with the ATX-lysoPLD inhibitors HA130 (10 rum) or $32826 (10 wum) at a time point when newly
specified OLG progenitors start to differentiate. B, Bar graph illustrating the mRNA expression profile under control conditions for FACS-isolated mEGFP/DsRed2 double-positive cells as determined
by real-time RT-gPCR analysis. mRNA levels in whole fish were set to 100% for each gene individually (marked by the horizontal line), and the values for sorted cells were calculated accordingly. C,
Bar graph showing the number of mEGFP/DsRed2 double-positive cells as determined by FACS analysis. Values for vehicle-treated embryos were set to 100% (see control bar), and experimental
values were calculated accordingly. D, E, Representative single-parameter fluorescence histograms (x-axis: fluorescence intensity, logarithmic scale; y-axis: cell number) depicting mEGFP (D) or
DsRed2 (E) intensities of mEGFP/DsRed2 double-positive cells under control conditions (black line) and after treatment with HA130 (red line). Cells within the area marked by the horizontal line were
considered mEGFP (D) or DsRed2 (E) positive. Note the high purity (100%) of the sorted cell population. F, Bar graph depicting sox70 mRNA levels for FACS-isolated mEGFP/DsRed2 double-positive
cells as determined by real-time RT-gPCR analysis. Values for vehicle-treated embryos were set to 100% (see control bar), and experimental values were calculated accordingly. G, Bar graph
depicting HDAC activity as determined by using the fluorogenic substrate Boc-Lys(Ac)-AMC. Values for vehicle-treated embryos were set to 100% (see control bar), and experimental values were
calculated accordingly. Data shown in all bar graphs represent means = SEMs. *p < 0.05, **p =< 0.01.

these studies, the experimental design as depicted in Figure 4A
was used. In addition, and to enable an analysis of HDAC activity
explicitly in cells of the OLG lineage, the double-transgenic ze-
brafish line Tg(nkx2.2a:megfp;olig2:dsred2) was used in which a
subset of OLG lineage cells can be identified by the concurrent
expression of mEGFP and DsRed2 (Kucenas et al., 2008) and thus
be isolated by FACS. In agreement with an OLG lineage commit-
ment, such sorted and double-positive cells were characterized
under control conditions by an enriched expression of the OLG
marker gene cldnk (Fig. 4B; n = 5, t test, p = 0.0262, compared
with whole fish embryo expression). In contrast, there were, if at
all, only slight levels of expression detectable for the radial/
ependymal/enteric glia marker gfap (Fig. 4B; n = 4, t test, p =
0.0023, compared with whole fish embryo expression; Bernardos
and Raymond, 2006; Lam et al., 2009; Doodnath et al., 2010;
Grupp etal., 2010; Hagstrom and Olsson, 2010) and the neuronal
intermediate filament encoding genes gefiltin (inab; Fig. 4B; n =
4, t test, p = 0.0014, compared with whole fish embryo expres-
sion) and plasticin (prph; Fig. 4B; n = 4, t test, p = 0.0019, com-
pared with whole fish embryo expression; Leake et al., 1999). In
addition, and similar to the rodent system (Savaskan et al., 2007),
such early stages of the OLG lineage were found to express atx
(Fig. 4B; n = 4, ttest, p = 0.0464). It is notable that such early, and
relatively low, expression during the OLG lineage remained un-
detected in our previous studies (Yuelling et al., 2012) because of
the use of less sensitive detection methods. Upon inhibition of the
lysoPLD activity of ATX, and consistent with the previously ob-

served lack of an effect on the number of olig2-expressing pro-
genitor cells (Fig. 2E,F), no change in the number of double-
positive cells was observed (Fig. 4C; HA130, n = 4, t test, p =
0.4722; S32826, n = 4, t test, p = 0.3765). To further assess
potential effects of ATX-lysoPLD inhibition on progenitor
marker expression levels, the fluorescence intensities for mEGFP
and DsRed2 were monitored, because they are indicators for
nkx2.2a and olig2 promoter activities. As shown in Figure 4, D
and E, no changes were observed (n = 5, ¢ test, p = 0.5855,
mEGFP; n = 5, t test, p = 0.6436, DsRed2). In contrast, and in
agreement with our previous findings (Fig. 2C,D), the expression
of soxI0, which at the developmental stage analyzed marks olig2/
nkx2.2a double-positive cells that are OLG lineage committed
and differentiating (Kucenas et al., 2008), was found to be de-
creased (Fig. 4F; HA130, n = 4, t test, p = 0.0358). Importantly,
such a reduction in the expression of a gene characteristic for
recently specified and differentiating OLGs was associated with a
reduction in overall HDAC activity (Fig. 4G; HA130, n = 4, t test,
p = 0.0275; S32826, n = 4, t test, p = 0.0106). This effect was
found to not be associated with a noticeable decrease in cell via-
bility as assessed by propidium iodide staining and flow cytom-
etry (Sasaki et al., 1987; data not shown).

Together, the above data demonstrate that, in the developing
zebrafish, ATX, via its lysoPLD activity, promotes the lineage
progression from an olig2/nkx2.2a double-positive progenitor
cell to a sox10-expressing fully committed and early differentiat-
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Inrodent OLG cultures, inhibition of the lysoPLD activity of ATX leads to a reduction in the levels of mRNAs encoding OLG differentiation genes and to an increase in the level of mRNA

encoding the transcriptional OLG differentiation inhibitor Egr1. A, Experimental design. Timing of histone deacetylation is marked as described by Marin-Husstege etal. (2002). OPC, OLG progenitor.
B, Bar graph depicting mRNA levels for the OLG differentiation genes (np and Ugt8 and the transcriptional inhibitor £gr7, as well as Atx as determined by real-time RT-gPCR analysis. mRNA levels at
24 h were set to 100% for each gene, and 48 h values were calculated accordingly. , Bar graph illustrating ATX-lysoPLD activity as assessed by using the fluorogenic substrate FS-3. Control
(vehicle-treated) values were set to 100% (see horizontal line), and experimental values were calculated accordingly. D, Bar graph depicting mRNA levels for the OLG differentiation genes Cnp and
Ugt8 and the transcriptional inhibitor £gr7 as determined by real-time RT-gPCR analysis. Control (vehicle-treated) values were set to 100% (see horizontal line), and experimental values were
calculated accordingly. Data shown in all bar graphs represent means == SEMs. *p =< 0.05, **p =< 0.01, ***p =< 0.001, ****p < 0.0001.

ing OLG by a mechanism that is associated with an increase in
overall HDAC activity.

In enriched primary cultures of rodent OLG lineage cells, the
lysoPLD activity of ATX promotes OLG differentiation

To more precisely define the functional correlation between the
lysoPLD activity of ATX and changes in HDAC activity/histone
acetylation and to assess evolutionary conservation of this mech-
anism, we turned to the well established culture system of en-
riched primary rodent OLG lineage cells. In this culture system,
OLG differentiation follows the same sequence of events as ob-
served in vivo but provides the advantage of studying intrinsic
cellular mechanisms (Temple and Raff, 1985). In addition, the
role of HDACs and histone acetylation has been well character-
ized in this system (Marin-Husstege et al., 2002; Swiss et al.,
2011). More specifically, an increase in histone deacetylation as
early as 6 h after mitogen withdrawal has been found crucial for
the transition from a proliferating OLG progenitor to a differen-
tiating OLG (Marin-Husstege et al., 2002). To establish the role of
the lysoPLD activity of ATX on OLG differentiation during this
developmental time window, we used the experimental design as

depicted in Figure 5A. First, we established the expression profile
of transcriptional targets shown previously to be regulated
by histone deacetylation, namely 2',3’-cyclic-nucleotide 3’-
phosphodiesterase (Cnp), UDP glycosyltransferase 8 (Ugt8), and
the transcriptional regulator Egrl (Swiss et al., 2011). In agree-
ment with the findings described by Swiss et al. (2011), OLG
differentiation was found in our system to be characterized by an
increase in the expression of the OLG marker genes Crp and Ugt8
and a decrease in the expression of Egr1 (Fig. 5B; Cnp,n = 5, t test,
p =0.0134; Ugt8,n = 5, ttest, p = 0.0429; Egrl, n = 3, ttest,p =
0.0362). In addition, there was a slight increase in the expression
of Atx (Fig. 5B; n = 5, t test, p = 0.0118). As shown in Figure 5C,
treatment with either of the ATX-lysoPLD activity inhibitors
HA130 or $32826 significantly reduced ATX-lysoPLD activity
after 4 and 24 h (Fig. 5C; HA130 at 10 um 28 h, n = 4, t test, p =
0.0004; HA130 at 10 uM 48 h, n = 5, t test, p = 0.0001; S32826 at
10 uM 28 h, n = 4, t test, p = 0.0078; S32826 at 10 uM 48 h, n =
5, t test, p = 0.0095). This inhibition of ATX-lysoPLD activity
resulted in an attenuation of both the upregulation of Cnp and
Ugt8 expression and the downregulation of Egrl expression (Fig.
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5D; Cnp: HA130 at 10 um, n = 3, t test, p = 0.0224; S32826 at 10
uM, n = 3, ttest, p = 0.0159; Ugt8: HA130 at 10 um, n = 3, t test,
p = 0.0321; S32826 at 10 um, n = 3, t test, p = 0.0063; Egrl:
HA130 at 10 uM, n = 4, t test, p = 0.0051; $32826 at 10 uMm, n =
3, ttest, p = 0.0345). The above findings demonstrate that ATX,
via its lysoPLD activity and similar to what we have seen in the
developing zebrafish (Figs. 1-4), promotes gene expression
changes associated with OLG differentiation in primary cultures
of rodent OLGs.

In primary cultures of rodent OLGs, ATX-lysoPLD promoted
progression along the early stages of the OLG lineage is
associated with an increase in HDAC activity

The gene expression changes observed during inhibition of the
lysoPLD activity of ATX (Fig. 5D) mimicked those changes
described previously to occur during inhibition of HDAC ac-
tivity (Swiss et al., 2011), thus suggesting that, as in the ze-
brafish, these changes may be associated with a decrease in
overall HDAC activity. To assess this possibility, the experi-
mental design as shown in Figure 6A was used. Indeed, HDAC

activity was found to be decreased as earlyas4 hand up to24 h
after application of ATX-lysoPLD inhibitors (Fig. 6B) (HA130
at 10 uM 28 h, n = 5, rtest, p = 0.0280; HA130 at 10 um 48 h,
n=7,ttest,p=0.0001;S32826 at 10 um 28 h, n = 3, rtest,p =
0.0004; S32826 at 10 uM 48 h, n = 5, ¢ test, p = 0.0034). To
provide additional evidence for a direct link between the lyso-
PLD activity of ATX and the regulation of HDAC activity, we
performed rescue experiments in which LPA, the enzymatic
product of the lysoPLD activity of ATX, was added concurrent
with ATX-lysoPLD inhibitors. As shown in Figure 6C, addi-
tion of LPA (10 um) attenuated the effect of HA130 on HDAC
activity (n = 7, t test, p = 0.0003). Consistent with the sug-
gested HDAC activity-promoting role of LPA in differentiat-
ing OLGs, LPA treatment alone was found to lead to an
increase in HDAC activity (Fig. 6D; n = 4, t test, p = 0.0052).
Together, the above data confirm that, as in the developing
zebrafish, progression along the early stages of the OLG lin-
eage in rodents is promoted by the lysoPLD activity of ATX via
the generation of LPA and a downstream mechanism that
involves an increase in HDAC activity.
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ATX-lysoPLD-promoted increase in HDAC activity is
associated with a decrease in nuclear histone acetylation

It has been shown previously that HDAC activity in differentiat-
ing OLGs is directed primarily to lysine residues of histones H4
and H3, including the lysine residue on the tail of histone H3 at
position 9 (H3K9) (Swiss et al., 2011). To assess changes in acet-
ylation at this site, cells treated as depicted in Figure 5A were
analyzed at 48 h by immunocytochemistry combined with con-
focal microscopy. As shown in Figure 7A, nuclear histone acety-
lation can be readily detected in O4-positive differentiating OLGs
by this method. Most importantly, inhibition of the lysoPLD
activity of ATX led to a significant increase in the levels of H3K9
acetylation (Fig. 7C; HA130, n = 3, Mann—Whitney U test, p =
0.00005; 32826, n = 3, Mann—Whitney U test, p = 0.0003). This
effect was not found to be associated with changes in cell survival
or proliferation as determined by immunostaining using anti-
bodies specifically recognizing the active (cleaved) form of
caspase-3 (n = 3, ttest, p = 0.1355) or the Ki67 antigen (n = 3, ¢
test, p = 0.1189). In addition, no prominent changes in cellular
morphology or nuclear appearance were noted (Fig. 7B). The
above described increase in H3K9 acetylation during ATX-lyso-
PLD inhibition could be further confirmed by Western blot anal-
ysis of cell homogenates (Fig. 7D; n = 3, t test, p = 0.0442).
Together, our data so far demonstrate that attenuation of OLG
differentiation via inhibition of the lysoPLD activity of ATX
(Figs. 2, 3, 5) is associated with a decrease in HDAC activity (Figs.
4, 6) and an increase in histone acetylation (Fig. 7).

ATX-lysoPLD-promoted progression along the early stages of
the OLG lineage is dependent on the activity of HDAC1/2 but
not HDAC6

The general requirement of HDAC activity for OLG differentia-
tion has been shown previously to involve particularly the class
HDAC members HDAC1 and HDAC2 (Shen et al., 2008; Ye et al.,
2009; Wu et al., 2012). To investigate the extent to which the
lysoPLD activity of ATX may represent an upstream signal regu-
lating especially the activity of the class I HDAC members
HDACI1 and HDAC2, we used a pharmacological HDAC1/2/3
inhibitor, namely CI994 (Kraker et al., 2003; Beckers et al., 2007),
in the experimental design as depicted in Figure 8A. It is notable
that HDAC3 was found to not be involved in the regulation of
OLG differentiation at the stages analyzed here (Shen et al., 2008;
Wau et al., 2012). In addition, at the concentration used (2.5 um),
CI994 is considered to effectively inhibit HDACI1 (Beckers et al.,
2007). The effectiveness of HDAC1/2 inhibition in our system is
corroborated by the observed reduction in Ugt8 mRNA levels
(Fig. 8B), because its expression has been shown previously to be
regulated by direct targets of HDACI/2-mediated histone
deacetylation (Swiss et al., 2011). Furthermore, and as a control,
inhibition of HDACS6, which represents a class I HDAC member,
was performed by using the inhibitor Tubastatin A (Butler et al.,
2010). At the concentration used (5 uM), Tubastatin A is consid-
ered to effectively inhibit HDAC6 with additional but only mod-
erate activity at HDACS (Beckers et al., 2007). Neither HDAC6
nor HDACS have been found involved in the regulation of gene
expression changes associated with OLG differentiation (Shen et
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al., 2005, 2008; Wu et al., 2012; Noack et al., 2014), and HDAC6
has in OLGs functionally been implicated primarily in contribut-
ing to the clearing process of misfolded protein aggregates (No-
acketal., 2014; Leyk et al., 2015). As indicated above and shown
in Figure 8, application of CI994, but not Tubastatin A, attenu-
ated the expression of the OLG differentiation genes Ugt8 and
Cnp to a similar extent as the application of the ATX-lysoPLD
activity inhibitor HA130 (Ugt8: HA130, n = 3, t test, p = 0.0299;
CI994, n = 3, t test, p = 0.0176; Tubastatin A, n = 3, t test, NS;
Cnp: HA130, n = 3, t test, p = 0.0382; C1994, n = 3, ttest, p =
0.0270; Tubastatin A, n = 3, ¢ test, NS). To assess the extent to
which HDACI/2 activity may be required for the observed ATX—
lysoPLD-mediated changes in gene expression, the effect of
HDACI1/2/3 or HDACS6 inhibition on LPA-stimulated rescue was
determined. In agreement with a critical role of HDAC1/2, but
not HDACS, the addition of LPA was unable to rescue the effect
of ATX-lysoPLD inhibition on Ugt8 and Cnp mRNA levels in the
presence of CI994 but not Tubastatin A (Fig. 8 B, C; Ugt8: HA130
+ CI994 + LPA, n = 3, ttest, p = 0.0033; HA130 + Tubastatin A
+ LPA, n = 3, ttest, p = 0.0373; Cnp, HA130 + CI994 + LPA,
n =3, ttest, p = 0.0036; HA130 + Tubastatin A + LPA, n = 3, ¢
test, p = 0.0325). It is notable that ATX-lysoPLD inhibition
could be observed as early as 2 h after application of HA130 (data
not shown) and was thus fully effective at the time point of
HDAC inhibition. Furthermore, no additive or synergistic effects
were observed during additional inhibition of HDAC1/2/3 or
HDAC6 (data not shown). Moreover, CI994 (Kraker et al., 2003),
Tubastatin A (Parab et al., 2015), and LPA (our own data; data
not shown) have been shown to exert their effects within the first
2 h of treatment, thus mostly excluding a timely separation of
their actions. Thus, the above data provide strong support for a
crucial role of the class ] HDAC members HDAC1 and HDAC2 as
downstream targets mediating the OLG differentiation promot-
ing effect of the lysoPLD activity of ATX.

Discussion

Our data presented here suggest a modulatory role of ATX during
the transition from an OLG progenitor to an early-stage differ-
entiating OLG as depicted in our proposed model shown in Fig-
ure 9. In this model, LPA, generated via the lysoPLD activity of
ATX, activates one (or more) of its cognate G-protein-coupled
receptors, which are referred to as LPA receptors (Chun et al.,
2010; Choi and Chun, 2013; Kihara et al., 2014) and have been
found expressed by cells of the OLG lineage (Weiner et al., 1998;
Stankoff et al., 2002; Dawson et al., 2003; Nogaroli et al., 2009;
Zhang et al., 2014). Activation of the above ATX-LPA axis initi-
ates a downstream signaling cascade leading to the activation of

HDAC1/2, which in turn mediates histone deacetylation and re-
pression of transcriptional inhibitors of OLG differentiation,
thereby promoting gene expression changes that are associated
with the transition from an OLG progenitor to an early-stage
differentiating OLG. ATX has been found to be expressed and
secreted by OLG progenitors and differentiating OLGs (Figs. 4, 5;
Fuss et al., 1997; Fox et al., 2003; Savaskan et al., 2007), thus
suggesting an autocrine signaling mechanism. However, and
during development, paracrine regulation may also occur via the
secretion of ATX by cells of the floor plate (Yuelling et al., 2012).
Importantly, the regulatory mechanism described here appears
evolutionarily conserved, at least from zebrafish to rodents.

In the context of histone deacetylation during the early
stages of OLG differentiation, it is notable that HDAC1/2 ac-
tivity has not only been implicated in modulating the transi-
tion from an OLG progenitor to an early-stage differentiating
OLG but also the specification of an OLG progenitor from a
multipotent neural progenitor cell (Copray et al., 2009; Jacob
et al., 2011). However, and based on the data shown here,
HDAC1/2-mediated regulation of OLG progenitor specifica-
tion is unlikely to be modulated by ATX and its lysoPLD ac-
tivity. First, inhibition of ATX-lysoPLD activity was not found
to affect the expression of nkx2.2.a (Fig. 4), which has been
described to be upregulated upon early developmental loss of
HDACI activity (Cunliffe and Casaccia-Bonnefil, 2006). Sec-
ond, ATX and its lysoPLD activity were not found to affect the
expression of o0lig2, which during OLG progenitor specifica-
tion has been proposed to be modulated via HDAC1/2 activity
and downstream of sonic hedgehog signaling (Cunliffe and
Casaccia-Bonnefil, 2006; Ye et al., 2009). Hence, it appears
that ATX, via its lysoPLD activity, modulates HDAC1/2-
regulated gene expression explicitly during a developmental
time window that coincides with the transition from OLG
progenitor to early-stage differentiating OLG and that likely
occurs after sonic hedgehog-modulated HDAC1/2-regulated
gene expression implicated in OLG progenitor specification.
However, future work will be necessary to more precisely de-
fine the relationships between the ATX-LPA axis, sonic
hedgehog signaling, and their downstream effects on HDAC1/
2-regulated gene expression.

In general, it is becoming increasingly clear that histone
acetylation and deacetylation events represent dynamic mod-
ifications (Peserico and Simone, 2011). Consistent with this
notion, histone deacetylation in cells of the OLG lineage has
been found to be transient and reversible (Shen et al., 2005). In
a search for more stable repressive histone modifications,
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marks of trimethylation of H3K9 have been found recently to
coincide with the transition from OLG progenitor to differen-
tiating OLG (Liu et al., 2015). Thus, it will be interesting to
explore in subsequent studies a potential role of the ATX-LPA
axis in modulating H3K9 methyltransferases.

ATX has been demonstrated to possess two functionally
distinct domains, the lysoPLD active site and the MORFO
domain. Our data presented here demonstrate that the lyso-
PLD active site of ATX affects epigenetic and gene expression
aspects of OLG differentiation. In contrast, and based on our
previous data, the function of the MORFO domain of ATX, as
it relates to OLG differentiation, appears restricted to promot-
ing cytoskeletal and thus morphological changes (Fox et al.,
2003; Dennis et al., 2008, 2012). This concept that OLG mor-
phogenesis is regulated, at least in part, by mechanisms dis-
tinct from the ones affecting gene expression is supported by
previous findings (Osterhout et al., 1999; Buttery and ffrench-
Constant, 1999; Sloane and Vartanian, 2007; Younes-Rapozo
et al., 2009; Ishii et al., 2012). However, at the same time, it is
also well known that both of the above stated aspects of OLG
differentiation occur well synchronized during development
(Wegner, 2008; Bauer et al., 2009; Mitew et al., 2014). To-
gether, these observations raise the exciting possibility that
ATX, via the concerted action of its two distinct functional
activities, may be one of the critical players coordinating gene expres-
sion and morphological changes during OLG differentiation.

The functional effects of the lysoPLD activity of ATX have
been well described to be mediated by signaling through a
family of G-protein-coupled receptors, the so-called LPA re-
ceptors. To date, in mammals there are six receptors that are
recognized as bona fide LPA receptors, all of which appear to
be expressed, at least to some degree, in cells of the OLG
lineage (Zhang et al., 2014). Notably, LPA, has long been
known to be present on OLGs (Weiner et al., 1998; Stankoff et
al., 2002; Dawson et al., 2003; Nogaroli et al., 2009), and a
number of functional roles have been proposed based on tis-
sue culture studies. Interestingly, Lparl knock-out mice have
initially not been found to display CNS myelin-related pathol-
ogies (Contos et al., 2000, 2002). However, myelin defects
were reported in more recent studies analyzing the so-called
Malaga variant (maLparl null mice), a stable variant of the
original Lparl knock-out mouse strain in which defects are
more pronounced likely as a result of interactions of LPA,
with currently unknown genetic modifiers (Estivill-Torrts et
al., 2008; Garcia-Diaz et al., 2014). In maLparl null mice,
impaired transport of one of the major myelin proteins,
namely PLP, was found to be impaired, leading to loss of OLGs
most likely because of stress-induced apoptosis. No deficits in
OLG differentiation were noted in these mice. Thus, and de-
spite its prominent expression in OLGs, LPA, appears unlikely
to play a unique and major role in mediating the ATX-LPA—
HDAC1/2 axis described here.
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To our knowledge, null mice have been characterized for all
currently recognized LPA receptors with the exception of LPA¢
(Contos etal., 2000, 2002; Ye et al., 2005; Liu et al., 2010; Lin et al.,
2012). In addition, knockdown studies have been performed in
the zebrafish and in Xenopus laevis that cover all known bona fide
LPA receptors (Yukiuraetal., 2011; Geach etal., 2014). In neither
of the studies have myelin defects been reported. This does not
exclude a prominent role of LPA receptor signaling in OLGs but
rather highlights the complication of functional redundancy and
compensation when eliminating a single LPA receptor. For ex-
ample, it has been shown that combined knockdown of Iparl and
Ipar4 in the zebrafish leads to vascular defects, whereas single [par
knockdown has no effect (Yukiura et al., 2011). Similarly, male
reproductive defects have been observed in triple Lparl/2/3
knock-out mice but not any of the single Lpar knock-out mice
(Yeetal.,2008). In the context of our studies, it is interesting that,
for the triple knock-out mice, no myelin defects have been re-
ported, thus suggesting an involvement of at least one of the
remaining LPA receptors, namely LPA,, LPA,, and/or LPA,. Of
these, LPA, has been shown to activate PKA via coupling to the
heterotrimeric G-protein Ge, and increase in cAMP levels
(Gardell et al., 2006). PKA, in turn, has been implicated in regu-
lating HDAC activity via phosphorylation (Sengupta and Seto,
2004). Although LPA; was found to not couple to Ga, its stim-
ulation was nevertheless found to be associated with an increase
in cAMP levels possibly through involvement of G-protein By
subunits (Lee et al., 2006). LPA4 may couple to Ge, but with likely
much lower potencythan LPA, (Yanagida et al., 2009). Clearly,
more comprehensive analyses will be necessary to dissect the ex-
act roles for each of the LPA receptors in the regulation of OLG
differentiation and via the ATX-LPA axis.

Our data presented here reveal a novel functional role for the
lysoPLD activity of ATX, namely the promotion of OLG differ-
entiation via an increase in HDAC1/2 activity and associated
changes in gene expression. In the context of human diseases and
in particular the major demyelinating disease in human, multiple
sclerosis (MS), it is worth mentioning that ATX mRNA levels
have been found reduced within the MS CNS (Raddatz et al.,
2014) and that a shift toward a decrease in histone deacetylation
has been implicated in contributing to the limitations in myelin
repair seen in MS (Pedre et al., 2011). These findings further
support a critical role of ATX in the regulation of CNS myelina-
tion, and they suggest that misregulation of the ATX-LPA—
HDACI1/2 axis may contribute to the pathology seen in MS.
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