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Abstract
Oligodendrocytes, the myelinating cells of the central nervous system (CNS), perform vital functions in neural protection and

communication, as well as cognition. Enhanced production of oligodendrocytes has been identified as a therapeutic approach

for neurodegenerative and neurodevelopmental disorders. In the postnatal brain, oligodendrocytes are generated from the

neural stem and precursor cells (NPCs) in the subventricular zone (SVZ) and parenchymal oligodendrocyte precursor

cells (OPCs). Here, we demonstrate exogenous Hepatoma Derived Growth Factor (HDGF) enhances oligodendrocyte gen-

esis from murine postnatal SVZ NPCs in vitro without affecting neurogenesis or astrogliogenesis. We further show that this is

achieved by increasing proliferation of both NPCs and OPCs, as well as OPC differentiation into oligodendrocytes. In vivo
results demonstrate that intracerebroventricular infusion of HDGF leads to increased oligodendrocyte genesis from SVZ

NPCs, as well as OPC proliferation. Our results demonstrate a novel role for HDGF in regulating SVZ precursor cell pro-

liferation and oligodendrocyte differentiation.

Summary Statement
Hepatoma derived growth factor (HDGF) is produced by neurons. However, its role in the central nervous system is largely

unknown. We demonstrate HDGF enhances i) oligodendrocyte formation from subventricular zone neural stem cells, and ii)

oligodendrocyte precursor proliferation in vitro and in vivo.
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Introduction
Adult neural stem and precursor cells (NPCs) have the ability
to self-renew and replace differentiated central nervous
system (CNS) cells. The adult mammalian brain hosts two
NPC niches: the subgranular zone in the hippocampus, and
subventricular zone (SVZ) that lines the lateral ventricles
(Chaker et al., 2016; Obernier and Alvarez-Buylla, 2019;
Bacigaluppi et al., 2020). While subgranular zone NPCs nor-
mally give rise only to neurons and astrocytes, SVZ NPCs
maintain their ability to differentiate into neurons, astrocytes
and oligodendrocytes throughout life (Levison and
Goldman, 1993; Steiner et al., 2004; Capilla-Gonzalez
et al., 2013; Maki et al., 2013 and reviewed in Goldman,
1995; Obernier and Alvarez-Buylla, 2019). Thus, the SVZ
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NPCs remain multipotent, which makes them an interesting
model for studying stem cell fate regulation.

For the purpose of this manuscript, we define “oligoden-
drocyte genesis” as formation of oligodendrocytes, where
NPC to OPC (oligodendrocyte precursor cell) transition is
termed as “commitment”, and OPC to oligodendrocyte transi-
tion is termed as “differentiation” (Butovsky et al., 2006;
Gonzalez-Perez and Alvarez-Buylla, 2011; Voronova et al.,
2017; Lakshman et al., 2021; Watson et al., 2021).

During early postnatal development, SVZ NPCs generate
the majority of OPCs that populate the brain parenchyma,
which then differentiate into oligodendrocytes or remain as
slowly-dividing adult parenchymal OPCs (Polito and
Reynolds, 2005; Kessaris et al., 2006; Kang et al., 2010).
These parenchymal OPCs can be repopulated by the newly
born SVZ OPCs (Cayre et al., 2006; Menn et al., 2006;
Serwanski et al., 2018; Đăṇg et al., 2019). However, the con-
tribution of adult SVZ NPCs to brain maintenance extends
beyond OPC regeneration. In vitro, postnatal and adult dorsal
SVZ NPCs preferentially give rise to oligodendroglial lineage
cells, suggesting that SVZ NPCs generate oligodendrocytes
in a region specific manner (Levison and Goldman, 1993;
Ortega et al., 2013). This was recently confirmed with SVZ
NPC lineage single-cell RNA-sequencing analysis (Cebrian
Silla et al., 2021). When postnatal and adult SVZ NPCs are
transplanted into the brains of shiverer mice that are devoid
of myelin basic protein (MBP), they are able to migrate and
form MBP+ oligodendrocytes, which myelinate the brain
(Cayre et al., 2006). In the healthy adult brain, a subset of
SVZ NPCs forms oligodendrocytes in the corpus callosum,
striatum and fimbria fornix (Menn et al., 2006). Interestingly,
while adult SVZ neurogenesis declines with age, adult SVZ oli-
godendrocyte genesis is stable throughout the aging process,
which highlights SVZ NPC potential oligodendrogenic ability
throughout life (Capilla-Gonzalez et al., 2013). Although paren-
chymal OPCs are often considered the “first line defenders” in
a demyelination injury, SVZ NPCs are active contributors to
oligodendrocyte genesis in the demyelinated CNS (central
nervous system) in a region specific manner (Nait-Oumesmar
et al., 1999; Picard-Riera et al., 2002; Menn et al., 2006;
Aguirre and Gallo, 2007; Jablonska et al., 2010; Xing et al.,
2014; Brousse et al., 2015; Delgado et al., 2021). Together,
these studies suggest that SVZ NPCs are important contributors
of oligodendrocyte genesis in a healthy and demyelinated CNS.

De novo oligodendrocyte genesis is important to study as
stimulation of new oligodendrocyte formation and/or myeli-
nation promotes memory formation in aged mice, rescues
aberrant social behavior in a mouse model of a neurodevelop-
mental disorder, and enhances regeneration in rodent models
of neurodegenerative disorders (McKenzie et al., 2014; Barak
et al., 2019; Steadman et al., 2019; Wang et al., 2020; Chen
et al., 2021 and reviewed in Xin and Chan, 2020).

How can SVZ NPCs be recruited for enhanced oligodendro-
cyte genesis? It was recently shown that the transcriptome of
activated SVZ NPCs closely resembles that of forebrain

embryonic radial glial cells (neural stem cells) (Yuzwa et al.,
2017; Borrett et al., 2020). In line with this, several molecules
that were found to regulate developmental oligodendrocyte for-
mation (Rowitch and Kriegstein, 2010), have been shown to
regulate adult SVZ NPC fates (Xapelli et al., 2014). For
example, epidermal growth factor (EGF) enhances oligoden-
drocyte formation from embryonic glial progenitors and post-
natal or adult SVZ NPCs in vitro (Aguirre and Gallo, 2007;
Gonzalez-Perez and Quiñones-Hinojosa, 2010; Yang et al.,
2017a). Aguirre et al. elegantly demonstrated that overexpres-
sion of EGF receptor (EGFR) in the oligodendroglial lineage
leads to increased oligodendrocyte generation and myelination
in developing mice as well as in mice subjected to focal demye-
lination (Aguirre et al., 2007). In accordance, reduced EGFR
signalling leads to a reduction in oligodendrocytes and myeli-
nation in the developing and demyelinated CNS at least in
part via attenuation of SVZ oligodendroglial cell genesis
(Aguirre et al., 2007; Aguirre and Gallo, 2007). Endothelin-1
(ET-1) regulates oligodendrocyte formation in the developing
brain by promoting OPC proliferation and migration while
restricting OPC differentiation (Gadea et al., 2009). In agree-
ment, mice that lack ET-1 in Nestin+ postnatal NPCs have
reduced SVZ OPCs in the developing postnatal brain, while
brain slices cultured in the presence of ET-1 have an increased
number of OPCs (Adams et al., 2020). Furthermore, mice with
a conditional knockout of ET-1 in adult SVZ NPCs subjected
to demyelination also have decreased SVZ OPC proliferation
(Adams et al., 2020). Oligodendrocyte genesis from neural
stem cells is also regulated by paracrine factors secreted from
neighboring cells. For example, cortical inhibitory neurons
secrete over 50 paracrine ligands that instruct embryonic
radial glial cells to form oligodendrocytes (Voronova et al.,
2017). One of these interneuron-secreted molecules is fractal-
kine (CX3CL1), which was shown to regulate developmental
cortical oligodendrocyte genesis (Voronova et al., 2017).
With regard to SVZ NPCs, fractalkine promotes postnatal oli-
godendrocyte genesis in vitro and adult oligodendrocyte
genesis in vivo in a normal brain (Watson et al., 2021).
While hepatoma derived growth factor (HDGF) is also
expressed in cortical interneurons and has been predicted to
regulate developmental oligodendrocyte formation (Voronova
et al., 2017), its effect on NPCs is not known.

HDGF was first isolated from the Huh-7 hepatoma cell line
(Wanschura et al., 1996) and is primarily known for its role in
cancer cell proliferation (Bao et al., 2014). In the murine
brain, HDGF is expressed from embryonic day (E) 13 until
at least two years of age (Zhou et al., 2004). Hdgf mRNA is
detected in hippocampal, cerebellar and cortical neurons in
vivo and in vitro (Zhou et al., 2004; Voronova et al., 2017),
and HDGF protein is secreted by hippocampal neurons and
mouse neuroblastoma Neuro2a cells in vitro (Zhou et al.,
2004). In addition to neurons, HDGF is also expressed in
astrocytes, oligodendrocytes and microglia (Crossin et al.,
1997; El-Tahir et al., 2006). Interestingly, HDGF knockout
mice are viable and have no overt phenotype
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(Gallitzendoerfer et al., 2008). This indicates that endogenous
HDGF is dispensable for normal development or that other
HDGF family members, such as HDGF related proteins 1–4
and/or Lens epithelial derived growth factor, could compen-
sate for a lack of HDGF (El-Tahir et al., 2006;
Gallitzendoerfer et al., 2008). In a disease state, endogenous
HDGF regulates glioma cell proliferation, migration and inva-
sion (Song et al., 2014). Moreover, knockdown of endoge-
nous HDGF enhances glioma cell sensitivity to
temolozolomide, a brain tumour chemotherapy drug (Song
et al., 2014). Exogenous HDGF has been proposed to act as
a protective and potentially a pro-regenerative factor due to
its anti-apoptotic and neurotrophic effects on neurons (Zhou
et al., 2004). However, the effect of exogenous HDGF on
other CNS cells is not known.

Here, we determined the effect of exogenous HDGF on
SVZ NPCs and OPCs. Our results demonstrate that HDGF
increases oligodendrocyte formation from murine postnatal
SVZ NPCs in culture by enhancing SVZ NPC and OPC pro-
liferation, as well as SVZ OPC differentiation. In vivo infu-
sion of exogenous HDGF into the adult murine brain lateral
ventricle increases oligodendrocyte genesis from SVZ
NPCs, as well as OPC proliferation. Together, our results
identify HDGF as a novel pro-oligodendrogenic molecule
that can modulate SVZ precursor fate.

Materials and Methods

Mice
For primary cultures, timed pregnant wild-type CD1 mice
were purchased from Charles River. CD1 pups at postnatal
day (P) 7 were euthanized and their SVZ was microdissected.
For in vivo experiments, 3 month old male and female NPC
lineage tracing mice (NestinCreERT2;RosaYFPSTOP/+) were
used. NestinCreERT2 (C57BL/6-Tg(Nes-cre/ERT2) were
obtained from (Imayoshi et al., 2006) and RosaYFPSTOP/
STOP (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J; RRID:
IMSR_JAX:006148) mice were obtained from Jackson
Laboratories. NestinCreERT2 males and RosaYFPSTOP/STOP

females were bred to create NestinCreERT2;RosaYFPSTOP/+

progeny, which were used for HDGF infusion experiments.
Mice younger than 21 days of age were euthanized using
CO2, and mice older than 21 days of age were euthanized
with Euthansol (Western Drug Distribution Center Limited,
WDDC) followed by intracardiac perfusion with Hanks
Basic Saline Solution (HBSS, Invitrogen) and then 4% para-
formaldehyde (PFA, Acros).

HDGF Intracerebroventricular (ICV) Infusion
3-month old NestinCreERT2;RosaYFPSTOP/+ mice were
injected for 5 days with 3 mg tamoxifen (Sigma) dissolved
in 10% ethanol (Commercial Alcohols) and 90% sunflower
seed oil (Sigma). 72 h after the last tamoxifen injection,

mice were subjected to intracerebral ventricular (ICV) stereo-
taxic surgery. Mice were anaesthetized via isofluorane inhala-
tion and placed in a stereotaxic frame. For the 1-time
injection, 10 ng of HDGF (Abcam) or vehicle-control
(0.2 mM TRIS pH 7.5, 0.01 mM EDTA, 0.01 mM DTT,
0.1% glycerol in 1xPhosphate Buffered Saline [PBS]) was
injected into right ventricle of the brain at the rate of 0.1 μl/
min. Overall, 1 μl was injected. For the 7-day infusion,
osmotic minipumps (model 1007D, Alzet) were filled with
0.83 ng/ml HDGF diluted in 0.2% Bovine Serum Albumin
(BSA) in 1x PBS, or vehicle-control (VC; 0.2 mM TRIS pH
7.5, 0.01 mM EDTA, 0.01 mM DTT, 0.1% glycerol) diluted
in 0.2% BSA in 1xPBS. Minipumps were connected to cannu-
las that targeted the right ventricle. Overall, 12 μl or 10 ng of
HDGF per day was delivered. The following coordinates were
used for both infusion timelines: −1.000 medio-lateral,
−0.300 anterior-posterior, −2.500 dorso-ventral. 24h before
euthanasia, 100 mg/kg Bromodeoxyuridine (BrdU) (Sigma)
was injected intraperitoneally.

Primary Cultures
A) primary neurospheres: Primary neurospheres were gener-
ated according to (Coles-Takabe et al., 2008; Storer et al.,
2018). Briefly, P7 SVZ was microdissected and mechanically
triturated in serum-free media (SFM: Dulbecco’s Modified
Eagle Medium low glucose [DMEM, Gibco], Ham’s F-12
Nutrient Mixture [F12, Gibco], 0.6% glucose [Sigma],
0.1125% Sodium Bicarbonate [NaHCO3, Gibco], 5 mM
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
[HEPES, Gibco], 100 μg/mL L-glutamine [Lonza], 1%
Penicillin-Streptomycin [Pen/Strep, Lonza]) supplemented
with 2% B27 (Invitrogen), 10 ng/mL FGF (fibroblast
growth factor, Peprotech), 20 ng/mL EGF (epidermal
growth factor, Peprotech), and 2 μg/ml heparin sodium salt
(Sigma) (herein referred to as neurosphere media). The cells
were then centrifuged at 465g for 7 min, after which the
supernatant was decanted and cells were resuspended in
1mL of neurosphere media. The cell suspension was filtered
with a 40 μm strainer to obtain single cell suspension and
get rid of any tissue debris. The cells were plated in neuro-
sphere media at a clonal density of 10 cells/μL
(Coles-Takabe et al., 2008; Storer et al., 2018).

B) secondary neurosphere cultures: At 5-6 days in vitro (DIV),
the floating primary neurospheres were collected and dissoci-
ated with 0.025% trypsin (Hyclone). After the cell pellet was
washed twice in SFM, the cell solution was filtered through a
40 μm strainer to obtain a single cell suspension. Secondary
neurospheres were generated by plating dissociated primary
neurosphere cells at clonal density of 2 cells/μl in neurosphere
media (Coles-Takabe et al., 2008; Storer et al., 2018) in the
presence of 10 ng/ml HDGF or VC (0.2 mM TRIS pH 7.5,
0.01 mM EDTA, 0.01 mM DTT, 0.1% glycerol in 1xPBS)
and cultured for 7 DIV.
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C) NPC monolayer cultures: Primary NPC monolayers were
generated according to (Watson et al., 2021). Briefly, dissoci-
ated primary neurosphere cells were plated at 39,500 cells/
cm2 on 12 mm glass coverslips (0.13-0.17 mm thickness,
Fisher) coated with 40 μg/ml Poly-D-Lysine (Sigma) and 4
μg/ml laminin (Corning). Cells were cultured in SFM supple-
mented with 2% B27, 10 ng/ml FGF and 20 ng/ml EGF
(herein referred to as NPC monolayer media) in the presence
of 0.1, 1 or 10 ng/ml HDGF or VC (0.2 mM TRIS pH 7.5,
0.01 mM EDTA, 0.01 mM DTT, 0.1% glycerol in 1xPBS)
for 1-5 DIV. 3 μg/ml BrdU (Sigma) was added to cultures
for 2h before fixation.

D) OPC monolayer cultures: To induce OPC formation, disso-
ciated primary neurosphere cells were plated at 39,500 cells/
cm2 on pre-coated coverslips as described above (section C)
in SFM supplemented with 2% B27, 10 ng/ml FGF and
10 ng/ml PDGF-AA (platelet derived growth factor AA,
R&D) (herein referred to as OPC growth media [GM]) and
cultured for 2-3 DIV. This culture system yields ∼94%
Olig2+ and over 60% PDGFRα+ OPCs with no microglia
contamination (Watson et al., 2021). To induce OPC differen-
tiation, media was changed on 2-3DIV to SFM devoid of
growth factors and supplemented with 2% B27 and 40 ng/
ml T3 (3,3’,5-Triiodo-L-thyronine, Sigma) (herein referred
to as OPC differentiation media [DM]). Cells were cultured
for additional 3 DIV in the presence of 10 ng/ml HDGF or
VC (0.2 mM TRIS pH 7.5, 0.01 mM EDTA, 0.01 mM
DTT, 0.1% glycerol in 1xPBS), or in the presence of 10 ng/
ml HDGF and mouse IgG (sc-3877) or anti-C23 (Nucleolin)
antibody (MS-3) (sc-8031) (Chen et al., 2015; Lin et al.,
2019).

Immunocytochemistry
NPC or OPC monolayer cultures were fixed with 4% PFA for
10 min at room temperature. The cells were then permeabi-
lized with 0.2% NP-40 in 1x PBS, blocked with 0.5% BSA,
6% normal donkey serum (Jackson ImmunoResearch) in 1x
PBS, and incubated with primary antibodies (listed below)
in 1⁄2 blocking buffer diluted with 1x PBS for 2h at room tem-
perature or overnight at 4°C. After extensive washing, appro-
priate secondary antibodies (listed below) were added in 1x
PBS for 1h at room temperature. At this point, nuclei were
stained using Hoechst solution (Riodel-De Haen Ag) and cov-
erslips were mounted in Fluoromount-G (Invitrogen), or cells
were further processed for BrdU staining. Here, cultures were
post-fixed with 4% PFA and then incubated with 1M HCl at
4°C for 10 min, followed by 2M HCl for 20 min at room tem-
perature. The cells were then blocked with 1M glycine
(Sigma), 1% Triton X-100 (Bio Basic), and 5% normal
donkey serum (Jackson ImmunoResearch) for 30 min at
room temperature. After blocking, anti-BrdU (Abcam, 1/
1000 dilution) was added to the cells for 1h at room

temperature or at 4°C overnight. Secondary antibodies
(Donkey anti-sheep-647, Jackson ImmunoResearch, 1/500)
were then added to the cells for 1h. Nuclei were stained
using Hoechst and coverslips were mounted as described
above.

Immunohistochemistry (IHC)
Following perfusion as described in “Mice” section, the
brains were incubated in 4% PFA at 4°C for an additional
16-24 h. The tissue was then placed into 30% sucrose
(Fisher) in 1xPBS for 72h before the brains were frozen in
O.C.T (optimal cutting temperature) compound (Fisher).
The brains were cryosectioned coronally at 18 μm. Brain sec-
tions were re-hydrated with 1x PBS, and then blocked and
permeabilized for 1 h at room temperature with 5% BSA
(Jackson ImmunoResearch) and 0.3% Triton-X100 (Bio
Basic) in PBS. Sections were then incubated with primary
antibodies (listed below) diluted in 5% BSA in 1x PBS at
4°C overnight. Appropriate secondary antibodies (listed
below) diluted in 1x PBS were applied to sections for 1h at
room temperature. At this point, nuclei were stained using
Hoechst solution (Riodel-De Haen Ag) and sections were
mounted in Fluoromount-G (Invitrogen), or sections were
further processed for BrdU staining. Here, after the incubation
with the secondary antibodies, the sections were post-fixed for
10 min with 4% PFA at room temperature. The sections were
then incubated at 4°C for 10 min with 1M HCl, followed by
2M HCl incubation for 10 min at room temperature and
20 min at 37°C. After extensive washing, sections were
blocked with 5% normal donkey serum, 1% Triton X-100
and 1M glycine in 1X PBS and incubated with anti-BrdU
(Abcam) overnight at 4°C. Donkey anti-sheep-647 antibody
was added for 1 h at room temperature. Nuclei were stained
using Hoechst and coverslips were mounted as described
above. When antibodies raised in mouse species were used,
Mouse on Mouse (M.O.M) kit (Vector Labs) was used to
enhance the signal as per manufacturer’s instructions.

Antibodies
Mouse anti-BCAS1 (Santa Cruz, 1:500, ICC and IHC, RRID:
AB_10839529), mouse anti-βIII (BioLegend, 1:1000, ICC,
RRID:AB_10063408), rabbit anti-βIII (BioLegend, 1:2000,
RRID: AB_2564645), sheep anti-BrdU (Abcam, 1:1000,
ICC, RRID:AB_302659), rabbit anti-CC3 (Millipore, 1:500,
ICC, RRID: AB_91556), rabbit anti-GFAP (Dako, 1:1000,
ICC, RRID: AB_10013382), rat anti-GFAP (Thermo Fisher,
1;1000, RRID:AB_2532994), chicken anti-eGFP (Abcam,
1:1000, IHC, RRID: AB_300798), mouse anti-Ki67 (BD
Pharmingen, 1:300, ICC, RRID: AB_396287), rat anti-MBP
(a. a. 82-87) (Millipore, 1:500, ICC, RRID: AB_94975),
goat anti-PDGFRα (R&D Systems, 1:400 for IHC, 1:300
for ICC, RRID: AB_2236897), rabbit anti-PDGFRa (Santa
Cruz, 1:300 for IHC, RRID: AB_631064), rabbit anti-PLP
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(Abcam, 1:500, ICC, RRID: AB_776593), rabbit anti-SOX2
(Cell Signalling, 1:2000, ICC, RRID: AB_2194037), goat
anti-SOX2 (R&D Systems, 1:1000, IHC, RRID:
AB_355110). Fluorescently labeled highly cross-absorbed
secondary antibodies were purchased from Jackson
ImmunoResearch and used at 1:1000 dilution. If MOM kit
was used, Cy3-, DTAF-, or Cy5 conjugated streptavidin
(Jackson ImmunoResearch) were used at 1:1000 dilution.

Microscopy
Secondary neurospheres were counted using the inverted light
Primovert microscope (Zeiss) and 4x objective. Only neuro-
spheres with at least 50 cells are counted.

All monolayer culture experiments as well as in vivo infu-
sion experiments were captured using Zeiss Axio Imager M2
fluorescence microscope, ORCA-Flash LT sCMOS Camera,
20X objective and the Zen software (Zeiss). Cultures and in
vivo images were imaged in a single plane for quantification.
For representative in vivo images, single plane images or
Z-stacks (taken with optical slice thickness 1 μm and
stacked) are shown. Representative images showing PLP,
MBP and/or PDGFRα in Figures 1B, 2H, 3B, 6D and 7D
have been non-linearly enhanced. Analysis (as described
below) was performed using images with linear enhancement
only.

Image Analysis and Quantification
For in vitro cultures, SVZ dissected and pooled from at least
two pups from the same litter was considered a “biological
experiment”. Secondary neurosphere experiments were ana-
lyzed from three biological experiments. Samples were
plated in technical triplicates. Over 100 spheres were analyzed
per well, per condition and per experiment. In monolayer
culture experiments, 5 random fields of view from technical
duplicates per biological experiment were captured with a
20X objective. At least 500-1,000 cells from each treatment
and 3-5 biological experiments were counted. Cells with con-
densed nuclei or CC3+ cells are presented as relative to total
(sum of cells with condensed and healthy) nuclei. For all
remaining monolayer culture experiments, results are pre-
sented as marker+ cells relative to total healthy nuclei.
Proliferation index is presented as %Ki67+marker+ cells
over total marker+ cells.

For in vivo infusion experiments, lateral or dorsal SVZ
and/or neighbouring corpus callosum (CC) surrounding the
infused ventricle was tile-imaged using 20X objective as indi-
cated in figure legends. Areas of interest were identified with
Hoechst staining. The results are presented as number of
marker+ cells per section, percent marker+YFP+ cells relative
to total YFP+ cells, or as proliferation index (percent
marker+Ki67+ or marker+BrdU+ cells relative to total
marker+ cells). 5-10 anatomically matched sections per
brain were analyzed from at least 3 mice per treatment

across two independent litters. At least 250 cells per dorsal
SVZ and CC or at least 1,000 cells per lateral SVZ were
counted.

Cells were counted from digital images using Zen or Fiji
(Schindelin et al., 2012). Representative images were pro-
cessed in Photoshop CC 2018 and figures were prepared in
Adobe Illustrator CC 2018. Biorender was used to generate
schematics in all figures.

Sample sizes (n) are indicated in figure legends and correspond
to the number of biological replicates analyzed (Table 1). All
primary culture experiments were performed in technical
duplicates or triplicates from at least 3 different litters. Each
in vitro data point from monolayer cultures in figures corre-
sponds to an average value from 2-3 technical replicates.
Each in vitro data point from secondary neurosphere cultures
corresponds to a technical replicate from three biological
experiments. All in vivo data are from at least 6 mice (at
least 3 mice per treatment) from at least two independent
litters. Each in vivo datapoint in figures corresponds to each
individual mouse. All data are presented as mean±SEM.

Statistical Analysis
For two group comparisons, two-tailed paired (in vitro mono-
layer culture datasets) or unpaired (secondary neurosphere
and in vivo datasets) student’s t-tests or multiple t-test (in
vivo datasets) were used to assess statistical significance
between means, where a p-value < 0.05 was considered sig-
nificant. For three or more group comparisons one-way
ANOVA was followed by Dunnett’s or Tukey multiple com-
parisons test. In all cases, Prism (version 8.0.2) was used.
Number of experiments and statistical information are stated
in the corresponding figure legends. In figures, asterisks
denote statistical significance marked by *, p < 0.05; **, p
< 0.01.

Results

HDGF Increases Oligodendrocyte Genesis from SVZ
NPCs in Vitro
To determine whether HDGF can modulate SVZ NPC fate,
we cultured cells microdissected from postnatal day (P) 7
SVZ tissue as primary neurospheres, which were then incu-
bated as adherent cultures for 5 days in vitro (DIV) in the pres-
ence of B27, EGF and FGF as well as VC or HDGF
(0.1-10 ng/ml) (Figure 1A). This culture system yields
highly enriched Nestin+,Sox2+ NPCs (∼98% enrichment)
and allows studying the effect of external ligands on SVZ
NPC proliferation and differentiation (Watson et al., 2021).
On day 5 of SVZ monolayer culture, when neurons and
glial cells arise (Watson et al., 2021), we observed a statisti-
cally significant (p= 0.024) ∼1.65 fold increase in the forma-
tion of MBP+ oligodendrocytes in the presence of HDGF in a
concentration-dependent manner when compared to VC
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Figure 1. HDGF increases oligodendrocyte formation from SVZ NPCs in vitro. Please see associated Fig. S1. A. Schematic: primary

neurospheres were generated from microdissected P7 SVZ, dissociated and cultured in media containing 2% B27, 10 ng/mL FGF, 20 ng/mL

EGF and 2 μg/ml heparin sodium salt for 5-6 DIV followed by monolayer cultures in NPC media containing 2% B27, 10 ng/mL FGF and

20 ng/mL EGF for 5DIV with HDGF (0.1, 1 and 10 ng/ml) or VC (vehicle-control). B. Representative images of NPCs cultured with VC

(top) or HDGF (bottom) and immunostained for PLP (red) and MBP (green) (please note images were enhanced in a non-linear way).

Arrows indicate marker+ cells. Cells were counterstained with Hoechst 33258 (blue in merge). C. Representative images of NPCs cultured

with VC (top) or HDGF (bottom) and immunostained for GFAP (purple), and βIII (red). Cells were counterstained with Hoechst 33258

(grey in merge). Arrows indicate GFAP+ cells, and arrowheads βIII+ cells. D-G. Quantification of B-C for the proportion of MBP+ (D),

GFAP+ (E), βIII+ (F) cells or cells with condensed nuclei (G) in VC (white bars) or 0.1, 1, and 10 ng/ml HDGF (blue bars). *p < 0.05, ns=
not significant. n= 3-5 independent experiments, at least 1000 cells per group per replicate. Marker+ cells were expressed as % of healthy

Hoechst+ cells. Cells with condensed nuclei were expressed as % of total Hoechst+ cells. Data were normalized to VC. Scale bars are

50 µm. Error bars represent SEM. All graphs were analyzed with one-way ANOVA (p= 0.02 in D) followed by Dunnett’s multiple

comparison test (* p= 0.01 in D).
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Figure 2. HDGF increases SVZ NPC and OPC proliferation in vitro. A. Schematic: P7 SVZ primary neurosphere cells were cultured as

secondary neurospheres in media containing 2% B27, 10 ng/mL FGF, 20 ng/mL EGF and 2 μg/ml heparin sodium salt for 5DIV (B) or
monolayers in NPC media containing 2% B27, 10 ng/mL FGF and 20 ng/mL EGF for 1 (C-G) or 3 (H-O) DIV with HDGF (10 ng/ml) or VC. B.
Analysis of the number of secondary neurospheres seeded in VC (white bars) or 10 ng/ml HDGF (blue bars) at clonal density. Data are

expressed as number of secondary neurospheres per 4,000 seeded primary neurosphere cells. *p< 0.05; n= 3 independent experiments with 3

technical replicates per experiment. C. Representative images of 1DIV monolayer NPCs cultured with VC (top) or 10 ng/ml HDGF (bottom)

and immunostained for Ki67 (green), BrdU (blue), and Sox2 (red). Arrows indicates Ki67+BrdU+ Sox2+ cells. Arrowheads indicate

Ki67-BrdU-Sox2+ cells. Cells were counterstained with Hoechst 33258 (merge panel, grey). D-G. Quantification of C for proportion of Sox2

+ (D), Ki67+ (E), Ki67+BrdU+ (F) and CC3+ (G) cells in VC (white bars) or HDGF (blue bars). * p < 0.05; ns= not significant; n= 4-5

independent experiments, at least 500 cells per group per experiment. H. Representative images of 3DIV monolayer NPCs cultured with VC

(top) or 10 ng/ml HDGF (bottom) and immunostained for Olig2 (blue), PDGFRα (green) and Ki67 (red). Please note PDGFRα images were

enhanced in a non-linear way. Solid arrows indicates Olig2+ PDGFRα+Ki67+ cells, dashed arrows Olig2+ PDGFRα-Ki67+ cells, and

arrowheads Olig2+ PDGFRα+Ki67- cells. Cells were counterstained with Hoechst 33258 (grey, merge panel, grey). I-O. Quantification of

(H) for the proportion of PDGFRα-Olig2+ (I), PDGFRα+Olig2+ (J), Ki67+ (K), proliferative index of PDGFRα-Olig2+ cells (expressed as %

PDGFRα-Olig2+Ki67+of total PDGFRα-Olig2+ cells) (L), proliferative index of PDGFRα+Olig2+ cells (expressed as % PDGFRα+Olig2+
Ki67+of total PDGFRα+Olig2+ cells) (M), CC3+ (N) or cells with condensed nuclei (O) in VC (white bars) and 10 ng/ml HDGF (blue bars).

*p< 0.05; ns= not significant. n= 3-4 independent experiments, at least 1000 cells per group per experiment. Marker+ cells were expressed as

% of healthy Hoechst+ cells. CC3+ cells or cells with condensed nuclei were expressed as % of total Hoechst+ cells. Proliferative index was

expressed as % marker+Ki67+ cells over marker+ cells. Scale bars are 20 µm. Error bars represent SEM. All graphs were analyzed with paired

t-test, except graph in B was analyzed with unpaired t-test. * p < 0.05.
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(Figure 1B, D). As NPCs also differentiate into neurons and
astrocytes (Obernier and Alvarez-Buylla, 2019), it is possible
HDGF enhances SVZ NPC in vitro oligodendrocyte genesis
at the expense of neurons or astrocytes. Analysis of GFAP+

(Glial Fibrillary Acidic Protein) astrocytes and βIII+

neurons revealed no changes between VC and HDGF
groups (Figure 1C, E-F). Finally, exogenous HDGF has
been shown to increase neuron survival (Zhou et al., 2004).
We thus considered that HDGF may have an effect on cell
death. Quantification of condensed nuclei, which is a well-
established method of measuring apoptosis (Mandelkow
et al., 2017), or cells positive for cleaved caspase 3 (CC3)
staining revealed that HDGF did not affect apoptosis or the
number of cells with condensed nuclei (Figs. 1G, S1).

Therefore, exogenous HDGF specifically increases oligo-
dendrocyte genesis from SVZ NPCs in vitro.

HDGF Increases SVZ NPC and OPC Proliferation in
Vitro
We next asked whether HDGF exerts a pro-oligodendrogenic
effect by stimulating NPC and/or OPC proliferation. First, we
cultured NPCs as secondary neurospheres, which allows NPC
proliferation, at clonal density (Coles-Takabe et al., 2008)
(Figure 2A). We observed a statistically significant (p=
0.038) ∼1.2-fold increase in the number of secondary neuro-
spheres cultured in the presence of HDGF when compared to
VC (Figure 2B). We then sought to corroborate these results
in NPC monolayer cultures, which allow simultaneous prolif-
eration and differentiation (Watson et al., 2021). Primary neu-
rosphere SVZ cells were incubated as adherent cells for
20-24h (1DIV) in VC or HDGF. 2h before harvest, cells
were pulsed with BrdU. Resulting cultures were fixed and
stained with antibodies specific for proliferating cells (Ki67
and BrdU) and NPCs (Sox2 [Bylund et al., 2003; Graham
et al., 2003; Ahmed, 2009]) (Figure 2C). Our results demon-
strate 1DIV NPC cultures were mostly comprised of Sox2+

NPCs (∼94% in VC and ∼95% in HDGF) (Figure 2D). In
these cultures, exogenous HDGF exhibited a statistically sig-
nificant (p < 0.05) ∼1.1-fold increase in Ki67+ cells and ∼1.3
fold increase in Ki67+BrdU+ cells without any changes in the
proportion of CC3+ cells (Figure 2E-G).

To test the effect of HDGF on OPC proliferation, we ana-
lyzed NPC monolayer cultures on 3DIV, when we observed
∼15% PDGFRα+ (Platelet Derived Growth Factor Receptor
α) OPCs (Figure 2H, J), in agreement with (Watson et al.,
2021). While we did not observe any changes in the proportion
of total Ki67+, PDGFRα−Olig2+ or PDGFRα+Olig2+ cells
(Figure 2I-K), the proliferative index of PDGFRα+Olig2+

cells (%PDGFRα+Olig2+Ki67+ / PDGFRα+Olig2+ cells)
was significantly (p= 0.03) increased by ∼1.5 fold in the pres-
ence of HDGF (Figure 2M). Notably, there was an increasing
trend in the proliferative index of PDGFRα−Olig2+ cells (%
PDGFRα−Olig2+Ki67+/PDGFRα−Olig2+ cells), although it
did not reach statistical significance (p= 0.2) (Figure 2L).

Similar to 1DIV and 5DIV data (Figs. 1G, S1 and 2G),
HDGF did not affect the proportion of cells containing con-
densed nuclei or proportion of CC3+ cells on 3DIV
(Figure 2N-O).

Together, these data show that HDGF increases SVZ NPC
and PDGFRα+OPC proliferation in vitro. However, despite
the HDGF-induced increase in OPC proliferation
(Figure 2M), there was no increase in the total proportion of
OPCs (Figure 2J). Thus, we predicted HDGF may also
increase OPC differentiation into oligodendrocytes.

HDGF Increases SVZ OPC Differentiation in Vitro
To test the effect of HDGF on OPC differentiation, we cul-
tured primary neurosphere-derived cells in OPC growth
media (GM) containing FGF and PDGF-AA. This culture
protocol results in robust (∼94%) enrichment of SVZ OPCs
(Watson et al., 2021). At this point, the media was switched
to differentiation media (DM) containing thyroid hormone
T3, a potent inducer of oligodendrocyte differentiation (Bhat
et al., 1979), and VC or HDGF (Figure 3A). Figure 3B-E
shows that addition of exogenous HDGF led to a statistically
significant (p= 0.03) ∼1.3 fold increase in MBP+ oligodendro-
cytes without any changes in the proportion of CC3+ cells or
cells containing condensed nuclei. Therefore, in addition to
enhancing SVZ precursor proliferation, HDGF increases
OPC differentiation into oligodendrocytes.

HDGF Does not Affect NPC Proliferation in Vivo
To test whether the pro-proliferative effect of exogenous
HDGF is preserved in vivo, we infused HDGF or VC into
the brain lateral ventricle of adult NPC lineage tracing mice
(NestinCreERT2;RosaYFPSTOP/+) (Figure 4A). Here, recombi-
nation and YFP (yellow fluorescent protein) expression was
induced in Nestin+ NPCs and their progeny with tamoxifen
injections. 72h after the last tamoxifen injection, over 99%
of YFP+ cells in the dorsal and lateral SVZ are also Sox2+
(marker of NPCs in the SVZ [Wang et al., 2010; Remaud
et al., 2013]), and over 99% of Sox2+ cells are YFP+
(Figs. 4B, S2 & data not shown), in agreement with (Storer
et al., 2018). At this time point, intracerebroventricular
(ICV) infusion of HDGF or VC was performed. First, we ana-
lyzed lateral and dorsal SVZ NPC proliferation 24h after a
single ICV injection. In contrast to our in vitro results
(Figure 2E-F), exogenous HDGF did not affect the number
of Sox2+Ki67+YFP+ cells (Figure 4E, F), or the proliferative
index of Sox2+YFP+ NPCs (% Sox2+Ki67+YFP+/
Sox2+YFP+ cells) (Figure 4G, H) in lateral or dorsal SVZ.
HDGF also did not alter the total number of Sox2+YFP+

cells (Figure 4C, D).
We then hypothesized that HDGF may modulate SVZ

NPC proliferation with a longer infusion duration. To test
this, we infused HDGF or VC into the lateral ventricle of
NPC lineage tracing mice for 7-days via osmotic mini-pumps
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(Figure 5A). To label proliferating cells, BrdU was intraperi-
toneally injected 24h before euthanasia. As dorsal SVZ NPCs
are known to migrate into the adjacent corpus callosum (white
matter [WM] tracts) as undifferentiated NPCs and/or commit-
ted oligodendroglial cells (Brousse et al., 2021; Cebrian Silla
et al., 2021), we focused on these regions (dorsal SVZ and
WM, Figure 5B) to characterize the proliferation of Sox2+

cells. Since not all cells in the adjacent corpus callosum are
migrated SVZ YFP+ cells, and a very small amount of cells
proliferate in this area (Figure 5D-E, H-I), we extended our
analysis to total Sox2+ cells for a more robust quantification.

Similar to the 24h analysis (Figure 4), exogenous HDGF did
not affect the number of Sox2+ cells in the dorsal SVZ
(Figure 5C) or WM after a 7-day infusion (Figure 5G).
However, there was a trending increase in the number of
BrdU+ cells in the dorsal SVZ, and a statistically significant
(p= 0.03) ∼1.5-fold increase in WM BrdU+ cells in the pres-
ence of HDGF when compared to VC (Figure 5D, H). The
increase in BrdU+ cells was not due to an increase in Sox2+

cell proliferation since the number of Sox2+BrdU+ or the pro-
liferative index of Sox2+ cells (% Sox2+BrdU+/Sox2+ cells)
was not different between HDGF and VC (Figure 5E-J).

Figure 3. HDGF increases SVZ OPC differentiation in vitro. A. Schematic: primary neurosphere cells were generated from P7 SVZ, and

cultured as monolayers in OPC growth media (GM containing 2% B27, 10 ng/mL FGF and 10 ng/mL PDGF-AA) for 2DIV, followed by

treatment with OPC differentiation media (DM containing 2% B27 and 40 ng/ml T3) supplemented with VC or 10 ng/ml HDGF for 3DIV. B.
Representative images of OPCs cultured in DM with VC (top) or HDGF (bottom) and immunostained for MBP (green). Please note MBP

images were enhanced in a non-linear way. Arrows indicate marker+ cells. Cells were counterstained with Hoechst 33258 (grey in merge).

C-E. Quantification of B for the proportion of MBP+ cells (C), cells with condensed nuclei (D) or CC3+ cells (E) in VC (white bars) and

HDGF (blue bars). *p < 0.05; ns= not significant, n= 4-5 independent experiments, at least 500 cells per group per experiments. Marker+
cells were expressed as % of healthy Hoechst+ cells. CC3+ cells or cells with condensed nuclei were expressed as % of total Hoechst+
cells. Scale bars are 50 µm. Error bars represent SEM. All graphs were analyzed with paired t-test.
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Therefore, exogenous HDGF does not affect Sox2+ pre-
cursor cell proliferation in vivo.

HDGF Increases OPC Proliferation in Vivo
The ability of HDGF to increase the total number of BrdU+

cells in the white matter (WM) lining dorsal to the infused
ventricle with a 7-day infusion protocol (Figure 5H) led us
to hypothesize that it may affect OPC proliferation, as indi-
cated by our in vitro analysis (Figure 2M). Only a very
small number of adult OPCs proliferate (Figure 5M, P).

Thus, to make our analysis more robust, we analyzed the pro-
portion of total OPCs, irrespective of overlap with the YFP
signal. Sections from brains infused for 7 days with HDGF
or VC were immunostained for PDGFRα and BrdU
(Figure 5K). The HDGF infusion did not modulate the
number of PDGFRα+ or PDGFRα+BrdU+ OPCs in the
dorsal SVZ or WM. However, the proliferative index of
OPCs (%PDGFRα+BrdU+/PDGFRα+ cells) was statistically
significantly (p= 0.026) increased by ∼1.8-fold in WM, but
not in the dorsal SVZ in the presence of HDGF
(Figure 5L-Q). These data support our in vitro observations

Figure 4. HDGF does not affect SVZ NPC proliferation in vivo. Please see associated Fig. S2. A. Schematic: 3 month old NestinCreERT2;

RosaYFPSTOP/+ NPC lineage tracing mice were injected with tamoxifen for 5 days. 72h later, HDGF or VC was injected once into the lateral

ventricle (LV, indicated by asterisk) through an ICV surgery. Mice were euthanized 24h after ICV injection. Dorsal and lateral SVZ

(demarcated by white and yellow lines, respectively, in B) was analyzed in C-H. B. Representative tiled image (left) of lateral ventricle

(asterisk) analyzed 24h after infusion with VC and stained for YFP (green) and counter-stained with Hoechst 33258 (blue). White and yellow

hatched insets shown in the tiled image illustrate dorsal SVZ (D-SVZ, left column) and lateral SVZ (L-SVZ, right column), respectively. Sox2

is in red, Ki67 in blue and YFP in green. Arrows designate Sox2+Ki67+GFP+ cells, and arrowhead designates a Sox2+Ki67-YFP+ cell.

White and yellow hatched lines in insets demarcate SVZ boundary. C-H. Quantification of (B) for number of Sox2+YFP+ cells (C,D), and

Sox2+YFP+Ki67+ cells (E,F) expressed as an average number of marker+ cells in dorsal SVZ and lateral SVZ per section. Proliferative

index of Sox2+YFP+NPCs in (G,H) is expressed as percent Sox2+YFP+Ki67+ cells relative to total Sox2+YFP+ cells. Data from

lateral SVZ are in C,E,G and from dorsal SVZ in D,F,H. ns= not significant; n= 3 mice from 2 independent litters. Scale bars are 200 µm in

B, tiled image (left column), and 20 µm in B, insets (right columns). Error bars represent SEM. All graphs were analyzed with unpaired t-test.

CC= corpus callosum; D-SVZ= dorsal SVZ; L-SVZ= lateral SVZ; LV= lateral ventricle; Str= striatum.
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Figure 5. HDGF increases OPC proliferation in vivo. A. Schematic: 3 month old NestinCreERT2;RosaYFPSTOP/+ NPC lineage tracing mice

were injected with tamoxifen for 5 days. 72h later, ICV surgery was performed to infuse HDGF or VC into the lateral ventricle (indicated by

asterisk) for 7 days via osmotic mini-pumps. BrdU was injected 24h before euthanasia. B. Representative image of 7-day VC-infused ventricle

stained with Hoechst 33258 (grey) (left column). Hatched inset is shown at a higher magnification in the right column. Areas (SVZ and WM

[white matter]) between hatched lines were analyzed in C-J. Sox2 is in red, and BrdU in green. Arrows indicate Sox2+BrdU+ cells, and

arrowhead indicates a Sox2+BrdU- cell. Hatched lines in insets demarcate SVZ boundary. C-J. Quantification of (B) for number of Sox2+
cells (C,G), BrdU+ cells (D,H), Sox2+BrdU+ cells (E,I) expressed as an average number of marker+ cells per dorsal SVZ per section.

Proliferative index of Sox2+NPCs is in (F,J) and is expressed as percent Sox2+BrdU+ cells relative to total Sox2+ cells. Data from dorsal

SVZ are in C-F and from white matter inG-J. K. Representative image of a 7-day HDGF-infused ventricle stained with PDGFRα (green) and

BrdU (magenta). Hatched insets are shown at a higher magnification in the right column (inset I is from WM and inset II is from SVZ).

Arrows and arrowheads indicate PDGFRα+BrdU+ and PDGFRα+BrdU- OPCs. Hatched lines demarcate SVZ boundary. L-Q.
Quantification of (K) for number of PDGFRα+ cells (L,O), PDGFRα+BrdU+ cells (M,P) expressed as an average number of marker+
cells per dorsal SVZ or WM per section. Proliferative index of PDGFRα+OPCs is in (N,Q) and is expressed as percent PDGFRα+BrdU+
cells relative to total PDGFRα+ cells. Data from dorsal SVZ are in L-N and from white matter in O-Q. *p < 0.05. ns= not significant; n=
3-4 mice from 2 independent litters. Scale bars are 100 µm in B, left column (tiled image) and 20 µm in B, right columns (insets) and K. Error

bars represent SEM. All graphs were analyzed with unpaired t-test. LV= lateral ventricle.
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(Figure 2M) and show HDGF increases OPC proliferation in
vivo.

HDGF Increases Oligodendrocyte Genesis from SVZ
NPCs in Vivo
To test whether HDGF increases OPC commitment and/or
oligodendrocyte differentiation from SVZ NPCs in vivo, we
performed lineage tracing analysis of YFP+ cells in the
NestinCreERT2;RosaYFPSTOP animals infused with HDGF
or VC for 7 days (Figure 6A). This duration is sufficient for
SVZ NPCs to form oligodendrocytes in vivo (Watson et al.,
2021). Since dorsal SVZ NPCs give rise to oligodendroglial
cells (Ortega et al., 2013; Cebrian Silla et al., 2021), we
focused our analysis on the dorsal SVZ and white matter
(WM) tracts adjacent to the infused ventricle (Figure 6B).

First, we determined whether HDGF infusion led to a dif-
ferent YFP+ cell distribution between the SVZ and white
matter. Figure 6C showed that while there was a trending
decrease and increase in the proportion of YFP+ cells in the
dorsal SVZ and white matter tracts, respectively, these data
did not reach statistical significance. Therefore, exogenous
HDGF most likely does not regulate YFP+ cell migration.
We then asked about the identity of YFP+ cells in these
regions. First, we counter-stained sections with YFP- and
PDGFRα-specific antibodies to detect newly born OPCs
(Figure 6D). The analysis showed HDGF did not affect the
formation of YFP+PDGFRα+ OPCs in the dorsal SVZ or
WM (Figure 6E-F), in agreement with our in vitro results
(Figure 2J). Next, we counter-stained sections with antibodies
raised against YFP and BCAS1 (breast carcinoma amplified
sequence 1 [Fard et al., 2017; Ishimoto et al., 2017]) to iden-
tify de novo oligodendrocytes (Figure 6G). While HDGF did
not affect the formation of YFP+BCAS1+ oligodendrocytes in
the dorsal SVZ (Figure 6H), it increased the proportion of
newborn YFP+BCAS1+ oligodendrocytes in the white
matter by ∼1.8 fold compared to VC (Figure 6I).

Therefore, exogenous HDGF increases oligodendrocyte
formation from SVZ NPCs in vivo.

HDGF Functions Through an Unidentified Receptor
Thus far, only one receptor, nucleolin (NCL), has been iden-
tified to interact with and mediate the uptake of HDGF in hep-
atoma cells (Chen et al., 2015; Lin et al., 2019). An adult SVZ
cell single cell RNA-sequencing dataset (Zywitza et al., 2018)
(https://shiny.mdc-berlin.de/SVZapp/) shows that NCL is
expressed in a variety of SVZ niche cells, including
transit-amplifying cells (TAPs) and OPCs (Figure 7A). Bulk
RNA-sequencing confirms NCL is expressed in PDGFRα+

OPCs isolated from the E13.5 and P7 brain (Figure 7B)
(Marques et al., 2018) (https://castelobranco.shinyapps.io/
OPCsinglecell2017/). To test whether HDGF could increase
oligodendrocyte genesis via NCL, SVZ OPCs were

differentiated in the presence of VC with non-specific isotype-
matched IgG, or HDGF with non-specific isotype-matched
IgG or NCL-specific function blocking antibody, which was
previously used at 5-10 μg/ml to block HDGF uptake in
cancer cells (Chen et al., 2015; Lin et al., 2019)
(Figure 7C). Since 10 μg/ml concentration was toxic to the
SVZ NPCs and OPCs (data not shown), we co-treated cells
with 5 μg/ml of IgG or anti-NCL. At 3DIV, the proportion
of MBP+ cells in IgG and HDGF-exposed SVZ OPC was
increased when compared to IgG and VC, as expected
(Figure 7D-E). However, the proportion of MBP+ cells in
HDGF-exposed cultures did not differ between IgG and
anti-NCL groups (Figure 7E). Treatment of SVZ NPCs with
HDGF and anti-NCL also did not show a decrease in the pro-
portion of MBP+ or BCAS1+ oligodendrocytes when com-
pared to IgG (data not shown). Therefore, HDGF may
function through a different, yet unidentified receptor on
SVZ NPCs and/or OPCs.

Discussion
Our data demonstrate a novel role for exogenous HDGF in
postnatal and adult SVZ oligodendrocyte genesis. We have
shown that exogenous HDGF increases SVZ NPC and OPC
proliferation, as well as OPC differentiation in vitro. In vivo
infusion of exogenous HDGF increases oligodendrocyte
genesis from adult SVZ NPCs and OPC proliferation. Our
results suggest HDGF is a candidate molecule for modulation
of SVZ precursor cell fates during oligodendrocyte genesis.

SVZ NPC fates are in large part regulated by the surround-
ing environment and neighbouring cells, such as the choroid
plexus and cerebral spinal fluid (Silva-Vargas et al., 2016),
endothelial cells (Paredes et al., 2021), microglia
(Matarredona et al., 2018) and axonal innervation (Paul
et al., 2017). Not surprisingly, intracerebral or intraventricular
administration of various ligands, such as EGF, pigment
epithelium-derived factor (PEDF), FGF-2, Sonic Hedgehog
(Shh) and fractalkine (CX3CL1) increases oligodendroglial
cell genesis from SVZ NPCs (Loulier et al., 2006; Aguirre
et al., 2007; Sohn et al., 2012; Watson et al., 2021 and
reviewed in Gonzalez-Perez and Alvarez-Buylla, 2011;
Xapelli et al., 2014). Here, we extend the repertoire of
soluble molecules capable of enhancing SVZ oligodendrog-
lial cell genesis, and show HDGF instructs SVZ NPCs to
form oligodendrocytes both in culture and in vivo.

Our results show exogenous HDGF does not enhance NPC
to OPC commitment in vitro or in vivo (Figures 2J, 6E-F), and
does not lead to altered precursor cell migration into the white
matter tracts in vivo (Figures 5L, 5O and 6C). Therefore, our
data do not support the role for exogenous HDGF in OPC
specification from NPCs, or NPC/OPC migration.
Pro-proliferative properties of HDGF on PDGFRα+ OPCs
in vitro and in vivo (Figures 2M, 5Q) are supported by previ-
ous literature, where HDGF was shown to act as a mitogen for
hepatocytes and muscle cells (Everett et al., 2001; Enomoto
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et al., 2002). Interestingly, high expression of HDGF is
observed in a variety of cancers, such gliomas, bladder and
ovarian cancers as well as hepatocellular carcinomas (Song
et al., 2014; Enomoto et al., 2015; Giri et al., 2016; Yang
et al., 2017b; Zhang et al., 2019). HDGF knockdown in
glioma cells, which originate from NPCs and/or OPCs

(Ilkhanizadeh et al., 2014), inhibits their proliferation via inhi-
bition of PI3K/Akt signalling pathway (Song et al., 2014).
Our results support and extend this report by showing exoge-
nous HDGF can increase proliferation of “normal” PDGFRα+
OPCs in vitro and in vivo. Whether this occurs by enhancing
PI3K/Akt or modulation of any other signalling pathways

Figure 6. HDGF enhances oligodendrocyte genesis from SVZ NPCs in vivo. A. Schematic: 3 month old NestinCreERT2;RosaYFPSTOP/+ NPC

lineage tracing mice were injected with tamoxifen for 5 days. 72h later, ICV surgery was performed to infuse HDGF or VC into the lateral

ventricle (LV, indicated by asterisk) for 7 days via osmotic mini-pumps. Corpus callosum lining dorsally to the infused ventricles was captured

and analyzed in B-I. B. Representative image of dorsal SVZ and white matter (WM) lining HDGF-infused ventricle (top). Hatched box from

top shown at higher magnification in the bottom panel. YFP signal was amplified with antibody specific to YFP, counterstained with Hoechst

33258 to visualize nuclei (blue). Area analyzed in C-I is indicated by the dashed borders. LV indicates lateral ventricle, asterisk indicates

infused ventricle. C. Proportion of YFP+ cells in SVZ or WM from (B) is expressed as percent of total YFP+ cells in both areas. D.
Representative image of corpus callosum lining the ventricle infused with HDGF and immunostained for PDGFRα (red) and YFP (green).

Please note PDGFRα images were enhanced in a non-linear way. Sections were counterstained with Hoechst 33258 (blue in merge panel).

Arrow indicates PDGFRα+YFP+ cells, and arrowheads indicate PDGFRα+YFP- cells. Dashed line indicates SVZ boundary and LV

indicates lateral ventricle. E-F. Quantification of (D) for PDGFRα+YFP+ cells in the SVZ (E) or WM (F) expressed as percent of total YFP

+ cells in each region of interest and normalized to VC. G. Representative image of corpus callosum lining the ventricle infused with HDGF

and immunostained for BCAS1 (magenta) and YFP (green). Arrow indicates BCAS1+YFP+ cell, and arrowhead indicates BCAS1+YFP-

cell. Sections were counterstained with Hoechst 33258 (blue in merge panel). Dashed line indicates SVZ boundary and LV indicates lateral

ventricle. H-I. Quantification of (G) for BCAS1+YFP+ cells in the SVZ (H) and WM (I) expressed as percent of total YFP+ cells in the

region of interest and normalized to VC. *p < 0.05. ns= not significant; n= 3-4 mice from 2 independent litters. Scale bars are 100 µm in B

(top panel) and 50 µm in all other panels. Error bars represent SEM. All graphs were analyzed with unpaired t-test except graph in (C) was

analyzed with multiple t-test.
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Figure 7. HDGF does not regulate oligodendrocyte genesis via NCL. A. A violin plot of Ncl mRNA expression extracted from a single cell

adult SVZ RNA-sequencing dataset (Zywitza et al., 2018) (https://shiny.mdc-Berlin.de/SVZapp/). i and ii demonstrate tSNE map of SVZ cell

clusters (i) and Ncl expression in these clusters (ii). UMI= unique molecular identifier. NSCs= neural stem cells; TAPs= transient amplifying

progenitors; NBs= neuroblasts; OPCs= oligodendrocyte progenitor cells; COPs= differentiation-committed oligodendrocyte precursors;

MFOLs=myelin forming oligodendrocytes; MOLs=mature oligodendrocytes; SMCs= smooth muscle cells; PVMs= perivascular

macrophages; MSNs=medium spiny neurons. B. Ncl mRNA expression (CPMM= counts per million) extracted from bulk RNA sequencing

of purified E13.5 and P7 brain PDGFRα+ OPCs (Marques et al., 2018) (https://castelobranco.shinyapps.io/OPCsinglecell2017/). C.
Schematic: primary neurosphere cells were generated from P7 SVZ, dissociated and cultured as monolayers in OPC growth media (GM

containing 2% B27, 10 ng/mL FGF and 10 ng/mL PDGF-AA) for 2DIV, followed by treatment with OPC differentiation media (DM containing

2% B27 and 40 ng/ml T3) supplemented with VC and 5 μg/ml IgG or 10 ng/ml HDGF and 5 μg/ml IgG or anti-NCL for 3DIV. D.
Representative images of OPCs cultured in DM with HDGF and IgG (top) or HDGF and anti-NCL (bottom) and immunostained for MBP

(green). Please note MBP images were enhanced in a non-linear way. Arrows indicate marker+ cells. Cells were counterstained with

Hoechst 33258 (grey in merge). E. Quantification of D for the proportion of MBP+ cells in HDGF and anti-NCL (red bar) and HDGF and

IgG (dark blue bar) normalized to VC and IgG (grey bar). ns= not significant, n= 3 independent experiments, at least 500 cells per group per

experiments. Marker+ cells were expressed as % of healthy Hoechst+ cells. Scale bars are 50 µm. Error bars represent SEM. All graphs

were analyzed with paired t-test, except graph in E was analyzed with one-way ANOVA (p= 0.0015) followed by Tukey multiple comparison

test (p < 0.01). ns= not significant.
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remains to be determined. Notably, while exogenous HDGF
increased SVZ NPC proliferation in vitro (Figure 2B,E-F),
this effect was not recapitulated in vivo (Figure 4-5). As we
only analyzed in vivo NPC proliferation on 1 and 7 days of
infusion, it is possible we missed a time point at which
HDGF may modulate NPC proliferation. It is also possible
that a modest effect of HDGF on in vitro NPC proliferation

is not conserved in vivo, or that a higher concentration of
HDGF is required to increase SVZ NPC proliferation in
vivo. In support of the latter, HDGF was shown to increase
hepatocyte proliferation at 50 ng/ml (Enomoto et al., 2002),
which is a 5 times higher concentration compared to what
we used (10 ng/day). In addition, it is possible that endoge-
nous HDGF may be present in the SVZ niche, and a higher
amount of exogenous HDGF is needed to overcome any
effects that endogenous HDGF may exert. A limitation in
our 7-day infusion proliferation analysis is that we assessed
the proliferation of total Sox2+ and PDGFRα+ cells, which
can represent a mixture of SVZ-derived and resident paren-
chymal progenitors (Figure 5). It is possible that if we
would have increased our sample size and lineage traced
SVZ cells with YFP expression, we would have been able
to determine additional differences in the SVZ lineage
traced cells. Finally, it is possible that HDGF exerts NPC pro-
proliferative effects only in the presence of EGF and/or FGF,
which are present in the NPC monolayer media (Figure 2),
and may not be present in similar concentrations in vivo.

It is well established that neuronal activity and neuronally
secreted ligands modulate OPC density, proliferation and dif-
ferentiation in homeostatic, injury or disease conditions
(Gibson et al., 2014; Orduz et al., 2015; Venkatesh et al.,
2015; Voronova et al., 2017; Ortiz et al., 2019). For
example, neuronally secreted Neuroligin-3 promotes OPC
proliferation, whereas interneuron-secreted fractalkine
(CX3CL1) promotes OPC differentiation (Venkatesh et al.,
2015; Voronova et al., 2017; Watson et al., 2021). HDGF
is expressed and secreted by neurons (Zhou et al., 2004);
however, whether neuronally secreted HDGF is responsible
for neuron-specific effects on OPCs remains to be addressed.
Interestingly, another HDGF family member, HDGF-related
protein 3 (HRP3), is enriched in CNS and peripheral
nervous system (PNS) white matter tracts during myelination
and remyelination (Kerman et al., 2020). From the two iso-
forms of HRP-3, only the overexpression of the second
isoform HRP3-II in PNS neurons increases Schwann cell
numbers and myelination in neuron-glia co-cultures
(Kerman et al., 2020). Our results showing HDGF exerts pro-
proliferative and pro-differentiation effects on SVZ precursor
cells support and extend this report. Whether HDGF has an
effect on Schwann cell biology in the PNS, and/or increases
CNS or PNS myelination remains to be addressed.

HDGF acts on a variety of cell types and exerts anti-
apoptotic, pro-angiogenic, and neurotrophic effects (Everett
et al., 2001; Enomoto et al., 2002; Zhou et al., 2004;
Enomoto et al., 2015). Notably, other neuronal ligands act
as pleiotropic molecules on a variety of cell types. For
example, Neuregulin-1 (NRG1) acts on Schwann cells, oligo-
dendrocytes, motoneurons, macrophages, Th1 cells and
microglia to regulate myelination, neuroprotection and
inflammation (Alizadeh et al., 2018; Kataria et al., 2021
and reviewed in Mei and Xiong, 2008; Kataria et al., 2019).
Another neuronally expressed ligand, pleiotrophin (PTN),

Table 1. Summary of Sample Sizes and Biological Replicates for

Each Experiment.

Experiment Panels

Number of

Replicates

Age of mice &

Strain

NPC 5DIV

Differentiation

In vitro

1D-G 3-5 biological

replicates

P7, CD1

S1 4 biological

replicates

NPC 7DIV

2°

Neurospheres

In vitro

2B 3 Biological

replicates

9 Technical

replicates

P7, CD1

NPC 1DIV

Proliferation

In vitro

2D-F 5 biological

replicates

P7, CD1

2G 4 biological

replicates

NPC 3DIV

Proliferation

In vitro

2I-M 3 biological

replicates

P7, CD1

2N 4 biological

replicates

2O 3 biological

replicates

OPC 2+ 3DIV

Differentiation

In vitro

3C-D 5 biological

replicates

P7, CD1

3E 4 biological

replicates

7E 3 biological

replicates

24hr Injection

NPC

Proliferation In
vivo

4C-H 3 animals/

condition

from two

independent

litters

3-month old,

NestinCreERT2;

RosaYFPSTOP

7 Day Infusion

NPC

Proliferation

In vivo

5C-J 3-4 animals/

condition

from two

independent

litters

3-month old,

NestinCreERT2;

RosaYFPSTOP

7 Day Infusion

OPC

Proliferation

In vivo

5L-Q 3 animals/

condition

from two

independent

litters

3-month old,

NestinCreERT2;

RosaYFPSTOP

7 Day Infusion

Differentiation

In vivo

6C

6E-F

6H-I

3-4 animals/

condition

from two

independent

litters

3-month old,

NestinCreERT2;

RosaYFPSTOP
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acts as a mitogen as well as neurotrophic and immunomodu-
latory molecule (Li et al., 1990; Silos-Santiago et al., 1996
and reviewed in González-Castillo et al., 2015; Sorrelle
et al., 2017). Therefore, it is possible that HDGF has the
potential to act as a pleiotropic ligand on various cells in
the organism, including SVZ precursor cells.

Our results indicate that HDGF does not modulate SVZ
precursor cell fates via NCL, the only receptor that has been
identified to interact with and mediate the uptake of HDGF
in hepatoma cells (Chen et al., 2015). Whether HDGF inter-
acts with NCL in other CNS cells is currently not known. A
recent large-scale mouse tissue proteomic screen identified
26 interactors of HDGF in the adult brain, however, NCL
was not on this list (Skinnider et al., 2021). Thus, it is possible
HDGF interacts with a different receptor in SVZ precursors or
CNS cells at large. In the future, it will be important to deter-
mine what receptor interacts with HDGF in SVZ NPCs and/or
OPCs.

In summary, we demonstrate a novel role for HDGF in the
brain, where exogenous HDGF modulates SVZ NPC and
OPC fates during oligodendrocyte genesis. As
pro-oligodendrogenic treatments have been prioritized in clin-
ical mouse models of neurodevelopmental and neurodegener-
ative disorders, our studies warrant further investigation into
whether HDGF may represent a novel candidate molecule
for SVZ NPC and/or OPC engagement in the diseased or
injured brain.
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