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SUMMARY

Mammalian cells respond to insufficient oxygen through transcriptional regulators called hypoxia-
inducible factors (HIFs). While transiently protective, prolonged HIF activity drives distinct
pathological responses in different tissues. Using a model of chronic HIF1a accumulation in
pluripotent stem cell-derived oligodendrocyte progenitors (OPCs), we demonstrate that HIF1a
activates non-canonical targets to impair generation of oligodendrocytes from OPCs. HIFla
activated a unique set of genes in OPCs through interaction with the OPC-specific transcription
factor OLIG2. Non-canonical targets, including Asc/2and Dix3, were sufficient to block
differentiation through suppression of the oligodendrocyte regulator SoxZ0. Chemical screening
revealed that inhibition of MEK/ERK signaling overcame the HIF1a-mediated block in
oligodendrocyte generation by restoring SoxI0expression without impacting canonical HIF1a
activity. MEK/ERK inhibition also drove oligodendrocyte formation in hypoxic regions of human
oligocortical spheroids. This work defines mechanisms by which HIF1a impairs oligodendrocyte
formation and establishes that cell-type-specific HIF1a targets perturb cell function in response to
low oxygen.
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Hypoxia impairs the generation of oligodendrocytes and myelin in various neurological disorders.
Allan and colleagues map the genome-wide binding profile of HIF1a in oligodendrocyte
progenitor cells (OPCs). HIF1a activated non-canonical, cell-type-specific target genes in OPCs
that converge to suppress SoxI0expression and block oligodendrocyte formation.

INTRODUCTION

The ability to sense and respond to fluctuations in oxygen levels is required to maintain
homeostasis in every cell in the body (Kaelin and Ratcliffe, 2008; Semenza, 2012).
Insufficient concentrations of molecular oxygen rapidly trigger an evolutionary conserved
transcriptional response that enables cell survival in low oxygen by promoting anaerobic
metabolism for energy production as well as angiogenesis and erythropoiesis to increase
access to local oxygen. While this is initially protective, prolonged activation of this
response leads to cellular dysfunction and disease in many tissues. For example, the
response to chronic hypoxia blocks white matter formation in premature birth (Scafidi et al.,
2014; Volpe, 2009; Volpe et al., 2011), promotes inflammation and insulin resistance in
obesity (Lee et al., 2014), and impairs hematopoietic stem cell transplantation capacity
(Takubo et al., 2010). This cellular dysfunction has largely been attributed to prolonged
activation of the canonical response to low oxygen shared across all cell types; however, it is
difficult to explain how activation of a conserved set of hypoxia signature genes can lead to
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such diverse cellular phenotypes. An alternative unexplored possibility is that cell-type-
specific differences in chromatin landscape enable access to unique non-canonical targets,
which could account for tissue-specific pathologies.

The response to low oxygen is mediated by hypoxia inducible factors (HIFs), a family of
transcription factors that are stabilized under hypoxic conditions in all mammalian cells and
are primarily thought to upregulate multiple pathways to adapt cells to low oxygen
(Cassavaugh and Lounsbury, 2011; Choudhry and Harris, 2018; Kupferschmidt, 2019). HIFs
are heterodimeric complexes consisting of an alpha and beta subunit. In the presence of
oxygen, alpha subunits are hydroxylated by prolyl-hydroxylases, allowing for recognition
and ubiquitination by von Hippel Lindau (VHL) (Ivan et al., 2001; Jaakkola et al., 2001),
and rapid degradation by the proteasome. In low oxygen conditions, alpha subunits escape
hydroxylation, avoid degradation, and translocate to the nucleus to pair with constitutive
beta subunits and regulate gene expression (Cassavaugh and Lounsbury, 2011; Choudhry
and Harris, 2018; Semenza, 2007). The HIF1a motif is present more than 1 million times in
the genome; however, HIF1a binds to a small fraction of these sites suggesting that HIF1a
binding is heavily regulated (Schodel et al., 2011; Smythies et al., 2019). Still, the
determinants of HIF1a binding in each cell type and whether cell-type-specific targets are
functional remain unknown.

The central nervous system (CNS) consumes 20% of the total body oxygen and white matter
of the CNS is highly susceptible to hypoxic insults as seen in stroke, vascular dementia,
respiratory distress syndromes, premature birth, and subsets of cerebral palsy (Hankey,
2017; Salmaso et al., 2014; Shindo et al., 2016; Volpe, 2009). In fact, chronic HIF1a activity
is sufficient to block white matter development (Yuen et al., 2014). White matter of the CNS
is formed by oligodendrocytes, which wrap neuronal axons in a lipid-rich protective sheath
called myelin, allowing for rapid transmission of action potentials and maintenance of
axonal integrity (Chang et al., 2016; Emery, 2010; Nave, 2010). Oligodendrocytes arise from
oligodendrocyte progenitor cells (OPCs), which are prevalent in the developing and adult
CNS, and HIF1a accumulation has been shown to be sufficient to impair oligodendrocyte
formation from OPCs (Jablonska et al., 2016; van Tilborg et al., 2018; Yuen et al., 2014).
However, the mechanism of the HIF1a-mediated block in oligodendrocyte formation from
OPCs remains unclear. In this study, we use OPCs as an archetypal hypoxia-disease relevant
cell type to define the mechanism by which chronic HIF1a drives cell dysfunction.

Knockout of Vhl models chronic HIF1a accumulation in OPCs

Defining the mechanisms by which HIF activity perturbs cell function is notoriously
challenging as HIFs are rapidly degraded, in minutes, when cells are restored to normoxia.
Because of this instability and the low abundance of HIFs, biochemical studies often require
extraordinary numbers of cells, which is challenging for hypoxia disease relevant cell types
outside of cancer cell lines. To explore the mechanisms underlying the HIF-mediated block
in oligodendrocyte development from OPCs, we generated a cellular model of chronic
HIF1a accumulation in mouse pluripotent stem cell-derived OPCs, which are uniquely
scalable and amenable to genetic manipulation (Hubler et al., 2018; Lager et al., 2018; Najm
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etal., 2015; Najm et al., 2011). CRISPR-Cas9-mediated knockout of V//, a central
component of the ubiquitin-proteasome system that degrades HIFs (Choudhry and Harris,
2018; Haase, 2009; Rechsteiner et al., 2011), in OPC cultures resulted in stable HIF1a
protein accumulation and significant 9-fold and 18-fold activation of downstream hallmark
HIF1la targets Vegfaand Bnip3, respectively, without affecting viability (Figures 1A, 1B,
S1A, S1B, and S1C). The response of OPCs to V/A/knockout mirrored that of OPCs cultured
in hypoxia at both the protein and RNA level (Figures 1C, 1D, and S1D). VA/knockout
OPCs were generated with two independent single guide RNAs targeting V//(sgVvhl and
sgVhl.2), each of which caused significant decreases in V/A/transcript and protein levels
through Cas9-mediated insertion-deletions (in-dels) at the respective target sites compared to
control (Cas9 expressing OPCs with no sgRNA) (Figures SIE-S1G). It is possible that loss
of VHL stabilizes pathways independent of HIF1a, therefore we confirmed key findings
from VA/knockout OPCs in wild-type OPCs treated with hypoxia (1% O5), primary mouse
OPCs exposed to hypoxia (1% O5), and human OPCs in pluripotent stem cell-derived
oligocortical spheroids (Madhavan et al., 2018).

HIF1la accumulation specifically delays OPC differentiation into oligodendrocytes

HIF1a accumulation in OPCs is sufficient to impair oligodendrocyte formation (Yuen et al.,
2014). To test whether HIF1a accumulation is a general or specific inhibitor of OPC
differentiation, sgVVhl OPCs were stimulated to form either astrocytes (Grinspan et al.,
2000), or oligodendrocytes (Baas et al., 1997; Barres et al., 1994; Gao et al., 1998; Najm et
al., 2011) (Figure 1E). This revealed a significant 4-fold reduction in oligodendrocyte
formation by staining for myelin basic protein (MBP), a marker of mature oligodendrocytes,
with no change in astrocyte formation by staining for glial fibrillary acidic protein (GFAP)
in sgVhl OPCs compared to control (Figures 1E-1G, and S1H), which shows that the effects
of HIF1a are cell type specific. Staining for early (O4+), intermediate (O1+), and late (MBP
+) oligodendrocyte markers throughout the differentiation process demonstrated a significant
and delayed acquisition of all oligodendrocyte markers in sgVhl and sgVVhl.2 OPCs
compared to control (Figures 1H-1L, and S11-S1K). These data suggest that HIF1a
accumulation specifically impairs early OPC differentiation, thereby delaying the formation
of oligodendrocytes and ultimately myelin.

HIF1la upregulates unique target genes in OPCs

To delineate the gene targets of HIF1a in OPCs responsible for blocking oligodendrocyte
development, chromatin-linked immunoprecipitation sequencing (ChlIP-seq) was used to
map its genome-wide chromatin binding profile. Utilizing 100 million control and sgVhl
OPCs, we identified 503 high-stringent HIF1a peaks (FDR<0.001) in sgVVhl OPCs with clear
enrichment proximal to the annotated transcription start site (TSS), which agrees with HIF1a
as a promoter centric transcription factor (Schodel et al., 2011; Smythies et al., 2019)
(Figures 2A and S2A). HIF1a was enriched at canonical target genes Vegfaand Bnip3and
globally peaks were enriched for HIF motifs and motifs for ubiquitously expressed
transcription factors that have been shown to interact with HIF1a including Sp1, c-Myc, and
Bmall (Huang, 2008; Kaluz et al., 2003; Wu et al., 2017) (Figures S2A and S2B; Tables S1-
S3). HIF1a was not found proximal to Sirt1, Wnt7a, or Wnt7b (Figures S2C-S2E), which
have previously been suggested as putative HIF targets that impair oligodendrocyte
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formation in hypoxia-treated OPCs (Jablonska et al., 2016; Yuen et al., 2014). Moreover,
sgVhl OPCs, wild type OPCs, and primary OPCs exposed to hypoxia exhibited no increase
in expression of Sirtl, Wnt7a, or Wnt7b transcripts, suggesting that other targets are likely
functioning to block oligodendrocyte formation (Figures S2F-S21) (Zhang et al., 2020).
Without HIF1a ChlP-seq data in OPCs, these previous studies focused on potential HIF1a
target genes identified in other cell types, which overlooked that HIF1a might bind to unique
cell-type-specific targets in OPCs that suppress oligodendrocyte formation.

To define the cell-type-specific targets of HIF1a in OPCs, we overlapped HIF1a targets in
OPCs with HIF1a targets from the limited number of publicly available datasets derived
from other mouse cell types including melanocytes (Loftus et al., 2017), T cells (Ciofani et
al., 2012), and embryonic heart (Guimaraes-Camboa et al., 2015). This analysis identified 51
genes that were HIF1a targets across all 4 cell types (“canonical HIF1a targets”), 152 genes
that were HIF1a targets only in OPCs based on these datasets (“OPC-specific HIF1a
targets”) and 2250 genes that were specific to either heart, T cells, or melanocytes (“other
tissue-specific HIF1a targets”) (Figure 2B).

To determine functional targets of HIF1a in OPCs, we performed RNA-seq of sgVhl and
control OPCs. Overlapping transcripts that significantly changed between sg\VVhl and control
OPCs (P-adj<0.05) with direct targets of HIF1a revealed that HIF1a directly bound to 61
significantly increased genes and only 1 significantly decreased gene (Figures 2C and S2J;
Table S1), consistent with the role of HIF1a as a transcriptional activator (Dengler et al.,
2014; Guimaraes-Camboa et al., 2015). Genes that were both significantly upregulated (P-
adj<0.05) and not called as top targets of HIF1a (at a stringent threshold FDR<0.001) were
enriched for immune and hypoxia pathways suggesting that these genes are weaker direct
targets of HIF1a or upregulated indirectly in the context of constitutive HIF accumulation
(Figure S2J). Both shared canonical and OPC-specific HIF1a target genes collectively
increased in expression in sgVVhl OPCs compared to control, with canonical targets induced
to a greater extent than non-canonical targets (Figures 2D, S2K, and S2L). However, both of
these gene sets showed a significantly greater increase in expression compared to the “other
tissue-specific” HIF1a targets in sgVhl OPCs (Figure S2K).

Gene ontology (GO) analysis of canonical HIF1a target genes showed enrichment for
metabolic and hypoxia pathways, which agrees with HIF1a’s role to promote glycolysis in a
majority of cell types (Figure 2E) (Choudhry and Harris, 2018; Majmundar et al., 2010;
Miska et al., 2019; Nagao et al., 2019). In fact, more than half of the enzymes in the
glycolysis pathway were direct HIF1a targets in OPCs, and both sgVhl and sgVVhl.2 OPCs
exhibited a 2-fold increase in levels of the glycolysis byproduct, lactate, compared to control
OPCs (Figures 2F and S2M).

Interestingly, GO analysis for cell-type-specific HIF1a targets demonstrated enrichment for
pathways separate from the canonical hypoxic response and related to the tissue of origin
(Figure S2N). In particular, GO analysis for OPC-specific HIF1a targets showed enrichment
for neural development and differentiation pathways (Figure 2G). This demonstrates that
HIF1a regulates genes critical for the canonical response to low oxygen as well as separate
cell-type-specific targets.
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Chromatin accessibility and cell-type-specific transcription factors define non-canonical
HIFla targets

How HIF1la is able to bind uniquely in a cell-type-specific manner remains unknown. To
better understand the determinants of the cell type specificity of HIF1a binding profiles, we
compared the open and active chromatin landscape in OPCs at canonical, non-canonical
OPC-specific, and “other tissue-specific” HIF1a peaks (Figure S3A; Table S2). ChlP-seq for
the active chromatin mark H3K27Ac (Creyghton et al., 2010) demonstrated a significant
gain of H3K27Ac in sgVVhl OPCs compared to control (FDR<0.1), and these regions were
enriched for HIF motifs (Figures S3B and S3C). Shared canonical and OPC-specific HIF1a
peaks exhibited a greater enrichment for HIF1a, H3K27Ac, and open chromatin (defined by
ATAC-seq regions in non-transduced OPCs) compared to “other tissue-specific” HIF1a sites
(Figure 3A and S3D). This agrees with previous findings that HIF1a preferentially binds
open and active chromatin and that the level of HIF1a binding correlates with the magnitude
of expression of gene targets in hypoxia (Smythies et al., 2019; Xia and Kung, 2009).
However, there was a subset of “other tissue-specific” HIF1a peaks enriched for open and
active chromatin that lacked HIF1a binding in OPCs, suggesting that chromatin accessibility
and activity were not the sole predictors of HIF1a binding. HIF1b, a common binding
partner with HIF1a, was more strongly enriched at canonical HIF1a targets compared to
OPC-specific targets, which further suggests that other interacting transcription factors could
define cell-type-specific targets of HIF1a (Figure S3D).

Motif enrichment analysis under cell-type-specific HIF1a peaks demonstrated an enrichment
for lineage defining transcription factors such as the Mitf family in melanocytes (Levy et al.,
2006), Nkx2 family in embryonic heart (Bartlett et al., 2010), and basic-helix-loop helix
(bHLH) motifs in OPCs (Figure S3E; Table S3). Specifically, the motif for Olig2, a lineage-
defining bHLH transcription factor in OPCs (Yu et al., 2013), was highly enriched (in the
top 5% of motifs) under OPC-specific HIF1a peaks, whereas the Olig2 motif was not
enriched under any other tissue-specific HIF1a peaks (Figure 3B, S3E; Table S3). ChIP-seq
for OLIG2 in control and sgVVhl OPCs validated the enrichment for OLIG2 at OPC-specific
HIF1a peak loci compared to canonical and “other tissue-specific” peaks (Figure 3C, S3F,
S3G; Table S4). Furthermore, both canonical and non-canonical HIF1a peaks demonstrated
an increase in OLIG2 binding in sg\VVhl OPCs compared to control suggesting that HIF1a
and OLIG2 physically interact (Figure 3C and S3G). Co-immunoprecipitation (co-IP) of
OLIG2 and HIF1a validated this physical interaction specifically in sgVVhl OPCs compared
to Cas9 control OPCs (Figure 3D, S3H, and S3I). Given this physical interaction between
HIF1a and OLIG2, we observe an appearance of OLIG2 at canonical HIF1a target genes in
sgVhl OPCs, such as Bnip3 (Figure 3E, S3J, S3K; Table S4). Non-canonical HIF1a gene
targets, such as Asc/2, are already enriched for OLIG2 in control OPCs and display
increased OLIG2 binding in sgVVhl OPCs suggesting OLIG2 also interacts with HIF1a at
these loci (Figure 3E). Collectively, these data demonstrate that, outside of canonical HIF1a
targets, lineage-defining transcription factors, such as OLIG2, generate a permissible
chromatin landscape to drive HIF1a to unique non-canonical targets in diverse cell types.
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OPC-specific targets of HIF1la suppress Sox10 expression and oligodendrocyte formation

To understand whether OPC-specific targets are sufficient to impair oligodendrocyte
formation, we first examined whether HIF1a induction impacts the expression of critical
lineage transcription factors and lineage markers in OPCs. This revealed a selective
reduction in Sox10, a transcription factor required for formation of oligodendrocytes from
OPCs (Stolt et al., 2004; Stolt et al., 2002), and downstream SOX10 target genes Plp1 and
Pdgfra, whereas other lineage transcription factors, such as Olig2 and Nkx2-2, remained
unchanged (Figures 4A, S4A, and S4B). Of note, HIF1a did not bind proximal to any master
regulators of oligodendrocyte development; however, the proximal promoter region of
Sox10showed a significant reduction of H3K27Ac in sgVVhl OPCs (Figure 4B). The
decrease in expression of SoxZ0in sgVhl OPCs was validated at the mRNA and protein
level as well as by reduction in expression of downstream SOX10 target genes P/pI and
Pdgfrain sgVVhl OPCs and primary OPCs treated with hypoxia (1% O,) (Figures 4C, 4D,
and S4C-E). These data suggest that HIF1a indirectly represses SoxZ0through activation of
other gene targets to block oligodendrocyte development.

To define the top functional targets of HIF1a in OPCs, we overlapped direct HIF1a targets
(FDR<0.001) with genes that exhibited both increased transcription (P-adj<0.05) and
increased H3K27Ac (FDR<0.1) in sgVhl OPCs compared to control (Figure 2C, 4E; Table
S1). Hits were independently validated in OPCs treated with hypoxia (1% O5), which
showed that all of our top 10 HIF1a targets were significantly upregulated compared to
normoxia (Figures 1D and 4F). Out of the top 10 targets of HIF1a in OPCs, Asc/2and DIx3
were the only non-canonical, OPC-specific HIF1a targets (Figure 4E; Table S2). Both are
transcription factors that regulate differentiation of somatic stem cells in the periphery and
are not normally expressed by any cell type in the mouse CNS (Tabula Muris et al., 2018;
Zhang et al., 2014), which is reflected by the lack of active chromatin at Asc/2and D/x3in
control OPCs (Figures 4G and S4F). However, OLIG2 binds to both of these loci in Cas9
control OPCs which agrees with our finding that OLI1G2 is enriched at non-canonical, OPC-
specific HIF1a target genes (Figure 4G). Both targets display robust HIF1a peaks proximal
to their promoters specifically in sgVhl OPCs compared to heart, melanocytes and T cells
along with gained H3K27Ac and OLIG2 binding in sgVVhl OPCs compared to control OPCs
(Figure 4G). Ascl2 and DIx3 both accumulate at the protein level in sgVVhl OPCs and are
induced in primary OPCs treated with hypoxia compared to normoxic controls (Figures
S4G-S41). In fact, ASCL2 was induced /n vivo in the brains of mouse pups reared in chronic
hypoxia (10% O,) and this correlated with a decrease in SOX10 and white matter proteins
MBP and MAG compared to normoxia reared controls (Figures S4J and S4K).

Ectopic expression of Dix3and Asc/2in OPCs using CRISPR activation (CRISPRA)
technology was sufficient to impair the acquisition of early (O4+), intermediate (O1+), and
late (MBP+) oligodendrocyte markers across the course of differentiation (Figure 4H).
Moreover, ectopic expression of DIx3and Asc/2 led to a significant reduction in Sox10
expression (Figures 41 and S4L), whereas activation of canonical HIF1a targets, S/c16a3,
Bnip3, and Vegfa, did not (Figures S4L and S4M). ASCL2 is known to impair somatic stem
cell differentiation and can act as a repressor at critical differentiation genes (Murata et al.,
2020; Schuijers et al., 2015; Wang et al., 2017), therefore we hypothesized that ASCL2
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could directly bind to upstream regulatory regions of SoxZ0 (Yu et al., 2013). ChlP-seq for
HA-tagged ASCL2 in OPCs revealed that ASCL2 is able to directly bind upstream
enhancers of SoxI0and reduce expression of SoxZ0compared to control OPCs (Figure 4J,
S4N-S4P).

While Ascl2, DIx3, and possibly other non-canonical OPC-specific HIF1a targets are each
sufficient to decrease SoxI0expression and impair oligodendrocyte formation, it was not
clear if these targets were individually necessary for the functional effect. RNAi-mediated
knockdown of Asc/2or DIx3in sgVVhl OPCs did not rescue oligodendrocyte formation
(Figures S4Q and S4R) suggesting that non-canonical HIF1a targets collectively or
redundantly converge to suppress SoxZ0expression and impair oligodendrocyte formation
from OPCs.

Chemical inhibition of MEK/ERK increases oligodendrocyte formation from sgVvVhl OPCs

To identify potential pathways that could overcome the differentiation block imposed by
HIF1a, we screened a library of 1753 bioactive compounds for the ability to increase the
formation of MBP+ oligodendrocytes relative to DMSO treated sgVVhl OPCs (Figures 5A
and S5A-S5D; Table S5). Compounds that were non-toxic (fold change in total cell number
> 0.7 relative to DMSO treated sgVVhl OPCs at the primary screening dose of 3uM) and
enhanced the number and percentage of MBP+ oligodendrocytes (fold change > 3 relative to
DMSO treated sgVVhl OPCs) were considered primary hits (Figure S5E). MEK inhibitors
were enriched among the primary hits and, as a class, demonstrated a significant increase in
oligodendrocyte formation compared to all other non-toxic compounds tested in the primary
screen (Figures 5B, 5C, and S5F; Table S5). Interestingly, drugs previously identified to
enhance oligodendrocyte formation, such as miconazole, clemastine, and tamoxifen
(Gonzalez et al., 2016; Mei et al., 2014; Najm et al., 2015), were not enriched as hits in this
screen, highlighting the ability of this screen to identify context-specific modulators of the
differentiation block imposed by HIF1a (Figure 5A and S5B).

To identify compounds that were effective across a range of doses, we performed an 8-point
dose curve from 78nM to 10uM of the top 14 hits. Performing unbiased hierarchical
clustering of the results revealed that all 5 MEK inhibitors clustered together and led to a
pronounced increase in oligodendrocyte formation relative to DMSO treated sgVVhl OPCs,
with AZD8330 and PD0325091 significantly outperforming PD318088 and Selumetinib
while PD184352 was not significantly different from the other 4 MEK inhibitors (Figures
5D, 5E, and S5G; Table S6). The ability of the top two MEK inhibitors to impact
oligodendrocyte formation correlated with their on-target IC50 values for MEK1 and MEK?2
as well as their on-target ability to reduce ERK1/2 phosphorylation in sgVVhl OPCs (Figures
5F, 5G, and S5H). Performance of an 8-point dose curve consisting of 12 drugs that each
inhibit a potential downstream target of MEK revealed that ERK1/2 inhibitors led to the
greatest increase in oligodendrocyte formation compared to the other classes of drugs tested
(Shaul and Seger, 2007; Yohe et al., 2018) (Figures S51 and S5J). Compounds targeting the
closely related MEKS5 pathway did not increase oligodendrocyte formation from sgVhl
OPCs and AZD8330, the most potent MEK inhibitor, did not impair ERK5 phosphorylation
in sgVVhl OPCs (Figures S5K and S5L). Collectively, these results demonstrate that chemical
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inhibition of MEK/ERK acts as a node of intervention to restore the formation of
oligodendrocytes in the context of HIF1a accumulation.

MEK/ERK inhibition drives Sox10 expression without changing HIF1a activity

We next asked whether MEK inhibition increased differentiation of sg\VVhl OPCs by
modulating HIF1a or its direct downstream targets. Treating OPCs with 300nM AZD8330,
our most potent MEK inhibitor (Figures 5F and 5G), for 14 hours did not alter nuclear
accumulation of HIF1a (Figures 6A—6C). Furthermore, downstream non-canonical HIF1a
targets Asc/2and D/x3did not increase activation of MEK/ERK signaling (Figure S6A).
These data suggest that MEK inhibitor treatment does not directly counter HIF1a or
downstream HIF1a target activity, but rather circumvents the effect of HIF1a accumulation
by increasing oligodendrocyte differentiation despite persistent HIF signaling.

Gene set enrichment analysis (GSEA) revealed that AZD8330 treatment of sgVVhl OPCs led
to an enrichment for “Oligodendrocyte Differentiation” and “Oligodendrocyte
Development” pathways, which were normally depleted in sgVVhl OPCs compared to control
(Figures 6D and 6E). Further supporting this, AZD8330 treatment of sg\VVhl OPCs led to a
significant increase in the subset of genes within the GO term “Oligodendrocyte
Development, GO:0014003” that were normally decreased in sgVVhl OPCs compared to
control (fold change of sgVhl to control OPCs <0.75), such as SoxZ0and Myrf(Figures 6F
and 6G). We validated the AZD8330-mediated increase in expression of both of these
transcription factors, which are critical for oligodendrocyte differentiation, by gPCR (Figure
6G). To confirm that this was a function of impaired MEK/ERK signaling, treatment of
sgVhl OPCs with ERK1/2 inhibitors AZD0364 and SCH772984 led to a similar increase in
Sox10expression compared to DMSO (Figure S6B).

Given that MEK inhibitors do not change HIF1a translocation to the nucleus or downstream
HIF1a target gene expression, it is unlikely that the MEK inhibitor mediated increase in
Sox10expression is specific to sgVhl OPCs. In agreement with this point, Sox10expression
increases in Cas9 control OPCs treated with 300nM AZD8330 for 14 hours (Figure S6C and
S6D). However, MEK inhibitors lead to a pronounced increase oligodendrocyte formation in
sgVhl OPCs with minimal impact on the oligodendrocyte formation from control OPCs,
highlighting the context specific block imposed by HIF1a (Figure S6E and S6F).
Collectively, these data suggest that the reduction of SoxZ0expression by cell-type-specific
HIF1a targets is critical for the HIF-mediated block in oligodendrocyte differentiation, such
that restoration of SoxZ0expression without altering canonical HIF function in sgVVhl OPCs
restores oligodendrocyte formation.

MEK/ERK inhibition drives oligodendrocyte formation in hypoxic regions of human
oligocortical spheroids

To evaluate the effect of MEK inhibition in hypoxic human OPCs, we leveraged a previously
established method of generating human myelinating cortical spheroids from pluripotent
stem cells (Madhavan et al., 2018). The interior of human brain spheroids is hypoxic
(Brawner et al., 2017; Giandomenico and Lancaster, 2017), and we hypothesized that these
hypoxic regions would inhibit SOX10 expression and oligodendrocyte formation.
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Immunohistochemistry using hypoxyprobe to define hypoxic regions of the spheroid (Pogue
et al., 2001) demonstrated that SOX10 expression is significantly impaired in hypoxic
regions of the spheroid (Figures S6G and S6H). We next tested whether hypoxic regions of
the oligocortical spheroid were inhibitory to oligodendrocyte formation and whether this
could be overcome using a MEK inhibitor. To test this, we treated oligocortical spheroids
with either DMSO or 300nM AZD8330 for 4 days starting at 70 days /n vitro, immediately
following induction of oligodendrocytes. At day 90, spheroids were treated with
hypoxyprobe and harvested for analysis (Figure 6H). Immunohistochemistry for
oligodendrocytes (MYRF+ cells) and hypoxic regions (defined by hypoxyprobe staining)
demonstrated a significant 2.8-fold reduction in the number of MYRF+ oligodendrocytes in
hypoxic regions compared to normoxic regions within the spheroids (Figures 61, 6J and
S6H). MEK/ERK inhibition with AZD8330 treatment led to a significant 1.8-fold increase
in the number of oligodendrocytes within hypoxic regions of the spheroid (Figures 61, 6J
and S61). Collectively these results show that oxygen tensions shape oligodendrocyte
development and that MEK inhibition circumvents the hypoxia-mediated inhibition of
oligodendrocyte formation in 3D models of human brain development.

DISCUSSION

Cells are equipped to translate external cues from the environment into internal signals that
ultimately alter transcriptional programs. Molecular oxygen is crucial to support energy
production of the cell, and low oxygen upregulates a rapid and conserved transcriptional
response mediated largely by HIF transcription factors in all mammalian cells. HIF1a
promotes an adaptive response by upregulating oxygen-independent metabolism and
increasing blood vessel formation; however, chronic accumulation of HIF1a negatively
impacts the function of almost every organ system (Kullmann et al., 2020; Lee et al., 2019;
Menendez-Montes et al., 2016; Takubo et al., 2010).

Here, we profiled the genome-wide functional targets of HIF1a in OPCs and found that
HIF1a not only binds to canonical hypoxia response genes that are shared across multiple
cell types, but also activates a unique set of non-canonical genes in a cell-type-specific
manner. In the context of the brain, these non-canonical HIF1a targets that impair
oligodendrocyte formation could have implications in the numerous hypoxia driven
pathologies of white matter such as diffuse white matter injury of prematurity (Salmaso et
al., 2014; van Tilborg et al., 2018), white matter stroke in adults (Hankey, 2017; Marin and
Carmichael, 2018) and multiple sclerosis (Ding et al., 2020; Graumann et al., 2003; Zeis et
al., 2008). More broadly, we suggest that non-canonical HIF1a targets in diverse cell types
impact a variety of cell-type-specific functions, such as oligodendrocyte differentiation,
heart morphogenesis, and T cell activation. This concept has previously been overlooked as
many studies have focused on canonical targets of HIF1a or those that were discovered in
immortalized cell lines, which may behave differently in response to HIF1a accumulation.
Whit7aand Wht7b, for example, were identified as direct HIF1a targets in mouse fibroblasts
and extrapolated to be direct targets in mouse OPCs (Yuen et al., 2014). However, we
demonstrate that Wnt7 ligands are not direct HIF1a targets in OPCs, a finding corroborated
by a recent study demonstrating that Wnt7 ligands are targets of HIF1a in astrocytes, but not
in OPCs (Zhang et al., 2020). This highlights that the response to hypoxia is not universal
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across all cell types and that the cell-type-specific response to HIF1a induction, such as Wnt
signaling in astrocytes or downregulation of SoxZ0in OPCs, have critical phenotypic
consequences (Zhang et al., 2020).

The same transcription factor can bind to different gene targets in different cell types
through interaction with transcriptional machinery unique to each cell type (Mullen et al.,
2011; Trompouki et al., 2011). HIF1a binding has been shown to depend on the openness
and activation status of chromatin; however, we and others show that chromatin accessibility
is not the sole predictor of HIF1a binding (Schodel et al., 2011; Smythies et al., 2019; Xia
and Kung, 2009). Our results highlight that HIF1a binds more strongly and induces a greater
increase in canonical hypoxia response genes compared to non-canonical cell-type-specific
genes, which are enriched for open chromatin as well as motifs for lineage-defining
transcription factors. This implies that chronic HIF1a upregulation could allow for sufficient
accumulation of non-canonical HIF1a targets that then impair development and function in a
cell-type-specific manner. These non-canonical targets could represent either a pathological
“off-target” effect of sustained HIF1a accumulation or a normal cell-type-specific response
to molecular oxygen levels that is coopted in the context of hypoxia disease.

To cast a wide net to uncover pathways that circumvent the disruption of oligodendrocyte
formation imposed by HIF, we performed a chemical-genetics screen revealing that
MEK/ERK inhibition enhanced oligodendrocyte programs. This adds to the ongoing debate
of the functionality of MEK/ERK signaling in the oligodendrocyte lineage. Previous studies
have shown that MEK/ERK signaling can promote myelination (Ishii et al., 2012; Yang et
al., 2016), while others demonstrate that inhibition of MEK/ERK signaling enhances OPC
differentiation to oligodendrocytes (Newbern et al., 2011; Suo et al., 2019). We believe that
this discrepancy owes to a potential stage-specific function of MEK/ERK such that this
pathway impairs the transition from OPC to immature oligodendrocyte but then promotes
mature oligodendrocyte formation and myelination. However, the mechanism of how
inhibition of MEK/ERK promotes early oligodendrocyte programs remains elusive. One
possibility could be that impairing ERK2 phosphorylation leads to transcriptional
disinhibition at SoxZ0and other key development genes, as has been shown in cancer and
mouse embryonic stem cells (Tee et al., 2014; Yohe et al., 2018). MEK inhibitors have also
been shown to directly upregulate SOX10 translocation to the nucleus, which would then
drive downstream oligodendrocyte gene programs (Fufa et al., 2019). Continued dissection
of the roles of MEK/ERK signaling during the process of differentiation would provide
critical insight to how this pathway plays a bidirectional role regulating oligodendrocyte
formation from OPCs.

Overall, this work advances our conceptual understanding of the tissue specific response to
chronic HIF accumulation and how oxygen tensions regulate tissue physiology and
pathology.

Limitations of Study

While we show that Asc/?and DIx3individually are not necessary for the HIF1a-mediated
block in differentiation, it is possible that inactivation of combinations of Asc/2, DIx3, and
other non-canonical targets might elucidate a core set of non-canonical HIF1a targets that
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are necessary to impair oligodendrocyte formation. The mechanism by which MEK/ERK
signaling regulates SoxZ0expression remains unknown and will benefit from further study
with a particular focus on developmental stage-specific effects. Due to the number of cells
required in this study, most experiments were limited to /7 vitro cultured mouse OPCs.
Given that hypoxia also impairs oligodendrocyte formation /7 vivo in rodents and /n vitroin
human oligocortical spheroid tissue, it will be important for future studies to validate the
effects of non-canonical HIF1a targets in these more therapeutically relevant contexts.
Finally, it will be exciting to understand if cell-type specific non-canonical HIF1a targets are
the key drivers of hypoxia-mediated dysfunction in other cell types outside of OPCs.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for materials, datasets, and protocols
should be directed to and will be fulfilled by the Lead Contact, Paul Tesar
(paul.tesar@case.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—All datasets generated in this study have been deposited in
Gene Expression Omnibus (https://www.nchi.nlm.nih.gov/geo/) under SuperSeries accession
codeGEO: GSE143474 with subseries for RNA-seq (GSE143473), ChlP-seq (GSE143472),
and ATAC-seq (GSE155366).

Software used to analyze the datasets are freely or commercially available and detailed in
the Key Resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture of 293T Cells—293T cells (Takara Bioscience, 632180) were used for lentiviral
production according to the vendor’s instructions and were cultured in the following
medium: DMEM (Thermo Fisher, 11960-044) supplemented with 10% FBS (Fisher,
A3160402), 1x MEM Non-essential amino acids (Thermo Fisher, 11140-050), 1x Glutamax
(Thermo Fisher, 35050061), and 0.1mM 2-Mercaptoethanol (Sigma, M3148).

Pluripotent stem cell-derived OPC culture—Mouse OPCs were generated from
epiblast stem cells (EpiSCs) as previously described except SHH was not used for
maintenance or differentiation of OPCs (Najm et al., 2011). Mouse protocols were approved
by Case Western Reserve University School of Medicine’s Institutional Animal Care and
Use Committee (IACUC). In brief, epiblast stem cells (EpiSCs) were isolated from 129S/
SvEv male embryos (E3.5; The Jackson Laboratory), pushed to form neural rosettes, and
then rosettes were passaged into nunclon plates coated with poly-L-ornithine (Sigma,
P3655-50MG) and laminin (Sigma, L2020-1MG) in OPC growth media consisting of
DMEM/F12 supplemented with N2 Max (R&D Systems, AR009), B27 (Thermo Fisher,
12587010), 20ng/mL bFGF (R&D Systems, 23-3FB-01M), and 20ng/mL PDGFA (R&D
Systems, 221-AA). Media was changed every 48 hours and cultures were maintained in
37°C with 5% CO,. After 4 passages these EpiSC derived OPCs were sorted to purity by
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fluorescence activated cell sorting using conjugated CD140a-APC (eBioscience,
17-1401-81; 1:80) and NG2-AF488 (Millipore, AB5320A4; 1:100) antibodies.

Primary mouse OPC culture—Primary mouse OPCs were derived using two methods.
In the first method, cerebral cortices were harvested from postnatal day 2 (P2) C57BL/6J
pups and dissociated using a Tumor Dissociation Kit (Miltenyi). Cells were then filtered
through a 70 pum filter, washed in DMEM/F12, and plated on poly-ornithine (Sigma, P3655—
50MG) and laminin (Sigma, L2020-1MG) coated plates to be expanded, passaged, and used
in experiments. The second method follows the immunopanning protocol from P7 C57BL/6J
mice (Barres et al., 1992). Primary /n vivo derived OPCs using either method were pooled
from multiple pups such that they are a combination of male and female cells. Similar to
EpiSC-derived OPCs, primary OPCs were grown on Poly-L-ornithine and laminin coated
flasks in OPC growth media. Media was changed every 48 hours.

Mouse OPC differentiation to oligodendrocytes and astrocytes—For
oligodendrocyte generation, OPCs were seeded at either 40,000 cells per well (96-well plate,
Fisher, 167008) or 15,000 cells per well (384-well PDL-coated cell carrier plates,
PerkinElmer, 6057500) on plates coated with PO and laminin. Oligodendrocyte
differentiation media consisted of DMEM/F12 supplemented with N2 Max, B27, 100ng/mL
noggin (R&D, 3344NG050), 100ng/mL IGF-1 (R&D, 291G1200), 10uM cyclic AMP
(Sigma, D0260-100MG), 10ng/mL NT3 (R&D, 267N3025) and 40ng/mL T3 (Thyroid
hormone, Sigma, T-6397). Cells were analyzed after 3 days unless otherwise noted.

For OPC differentiation to astrocytes, 30,000 OPCs were plated per well in a 96 well plate
(Fisher, 167008) containing astrocyte differentiation media described in (Liddelow et al.,
2017). This media consisted of a 1:1 (v/v) mixture of neurobasal media and high glucose
DMEM supplemented with sodium pyruvate, glutamax, N2 Max, and N-acetyl-cysteine and
with growth factors including 20ng/mL bFGF, 5ng/mL Hb-EGF (R&D, 259-HE-050),
10ng/mL CNTF (R&D, 557-NT-010), and 10ng/mL BMP4 (R&D, 314-BP-050) for 3 days.

Human oligocortical spheroid production—Human embryonic stem cells (line H7,
WiCell) were grown in mTesR1 media and oligocortical spheroids were generated with
minor modifications to the protocol previously described (Madhavan et al., 2018). Briefly, in
the first step of generating oligocortical spheroids, CloneR (Stem Cell Technologies, 5889)
was used instead of Y-27632 and Dorsomorphin was replaced with 150nM LDN193189
(Sigma, SML0559). Spheroids were treated with 150nM LDN193189 and 10uM SB-43152
(Sigma, S4317) for the first 6 days followed 20ng/ml FGF-2 (R&D Systems, 233-FB-25/CF)
and 20ng/ml EGF (R&D Systems, 236-EG-200) from day 7 to 25.

This was followed by 10ng/ml BDNF (R&D Systems, 248-BD) and 20ng/ml NT-3 (R&D
Systems, 267-N3) treatment every other day between days 27 and 40. For OPC development
and oligodendrocyte differentiation cultures 10ng/ml PDGF-AA (R&D Systems, 221-AA)
and 10ng/ml IGF (R&D Systems, 291-GF-200) were added to cultures every other day
between days 51 and 60 an 40n/ml T3 (Sigma, T6397) every other day between days 61 and
70. Spheroids were treated every other day with vehicle DMSO or 300nM MEKi between
days 70 and 74 and harvested on day 90. Spheroids were treated with 200uM
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Hypoxyprobe-1 two hours prior to harvesting for IHC (pimonidazole, Hypoxyprobe Inc,
Burlington MA, HP1-100Kit).

Tissue from mild chronic hypoxia (MCH) mice—MCH is a well described model of
Diffuse White Matter Injury (DWMI) (Clayton et al., 2017a; Clayton et al., 2017b; Fancy et
al., 2011; Scafidi et al., 2014; Yuen et al., 2014) and protein samples were generously
provided by Brian Popko. In brief, postnatal day 3 (P3) C57BI6 pups were placed into a
BioSpherix chamber maintained at 10+/- 0.5% O2 by displacement of nitrogen until P11.
Animals were then quickly sacrificed by CO, asphyxiation followed by decapitation and the
frontal cortex was isolated as this region has been shown to contain subcortical white matter
that is susceptible to hypoxia-induced DWMI (Clayton et al., 2017b; Jablonska et al., 2012;
Sanjana et al., 2014; Yuen et al., 2014).

METHOD DETAILS

In vitro hypoxia experiments—OPCs were plated in OPC growth media and then placed
into a 2 shelf C-Chamber from BioSpherix (C-274). Oxygen tension was controlled using
the ProOx 110 from BioSpherix such that nitrogen gas would flush out oxygen to maintain
the chamber at the desired oxygen level. The subchamber was set at 1% O, and cells were
cultured for 48 hours unless otherwise noted. Hypoxia treated cells were then rapidly lysed
for RNA or protein to minimize degradation of HIFs upon exposure to room air. The
normoxic controls were cultured concurrently in the same cell culture incubator containing
the BioSpherix C-chamber.

Immunocytochemistry—For antigens requiring live staining (O1 and O4), antibodies
were diluted in N2B27 base media supplemented with 10% Donkey Serum (v/v) (Jackson
ImmunoResearch, 017-000-121) and then added to cells for 18 minutes at 37°C. Cells were
then fixed in cold 4% PFA (Electron microscopy sciences) for 18 minutes at room
temperature, washed with PBS, and permeabilized and blocked in blocking solution
containing 0.1% Triton X-100 in PBS supplemented with 10% normal donkey serum (v/v)
for 30 minutes at room temperature. Primary antibodies were diluted in blocking solution
and incubated with samples overnight at 4°C. Primary antibodies used included anti-OL1G2
(1.2ug/mL, Proteintech, 12999-1-AP), anti-MBP (1:100, Abcam, ab7349), anti-O1 (1:50,
CCF Hybridoma Core), anti-O4 (1:100, CCF Hybridoma Core), anti-ASCL2 (1:10, EMD
Millipore, MAB4417), anti-GFAP (1:5000, Dako, Z033401-2), anti-SOX6 (1:2000, abcam,
30455), anti-A2B5 (2ug/mL, Millipore, MAB312), and anti-NKX2-2 (1:200, DSHB,
74.5A5). The next day, cells were rinsed with PBS and incubated in blocking solution for
one hour with the appropriate secondary antibody conjugated to an Alexa-Fluor (4ug/mL,
Thermo Fisher) along with the nuclear stain DAPI (Sigma, 1ug/mL).

High content imaging and quantification—Both 96-well and 384-well plates were
imaged using the Operetta High Content imaging and analysis system (PerkinElmer). For
96-well and 384-well plates, 8 fields and 5-fields were captured from each well at 20x
magnification respectively. Images were analyzed with PerkinElmer Harmony and
Columbus software as described previously (Hubler et al., 2018; Najm et al., 2015). In brief,
nuclei of live cells were identified using a threshold for area of DAPI staining to exclude
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pyknotic nuclei or debris. To identify oligodendrocytes, each DAPI positive nucleus was
expanded by 50% to determine potential intersection with staining of an oligodendrocyte
marker (O4/01/MBP) in a separate channel. Expanded nuclei that intersected O4/01/MBP
staining were scored as oligodendrocytes. Percentage of oligodendrocytes was then
calculated by dividing the number of oligodendrocytes by total number of DAPI positive
cells per image.

Generation of CRISPR and CRISPRA OPCs—Guide sequences were curated from the
Brie library (Doench et al., 2016) and cloned into the CRISPRv2 backbone (Addgene
52961) (Sanjana et al., 2014) for generating CRISPR-mediated knockout OPCs. Guide
sequences were curated from the CRISPRav2 library (Horlbeck et al., 2016) and cloned into
the lenti-SAMv2 backbone (Addgene 75112) (Joung et al., 2017) for CRISPR activation.
The activation helper plasmid (Addgene 89308) (Joung et al., 2017) was co-transduced for
all CRISPR activation OPCs. Plasmids containing cloning sites for the sgRNA were digested
and annealed oligomers containing the SgRNA were then ligated to their respective
backbones. sgRNAs used in this study include: Cas9 control (empty-no sgRNA), sgVhl
(GCCCGGTGGTAAGATCGGGT), sgVhl.2 (TGTCCATCGACATTGAGGGA), CRISPRA-
NTC (GATCGGTTATGTTTAGGGTT), CRISPRA-Ascl2
(CCAAGTTTACCAGCTTTACG), CRISPRA-DIx3 (GTTAGGGGTAACAACAAAGA),
CRISPRA-Vegfa (GAGGCCGTGGACCCTGGTAA), CRISPRA-SIx16a3
(GCCTGGCCGCTGTTCCCCGA), and CRISPRA-Bnip3
(GGGGGAGCGTGTGGCACGTG).

Positive stbl3 bacterial clones (Thermo Fisher, C737303) were confirmed to have the correct
inserted oligomer using Sanger sequencing. HEK293T cells were then transfected using
lenti-X shots following the manufacturer’s protocol (Clonetech, 631276). The next day,
transfection media was switched to OPC growth media without growth factors for virus
collection. After 2 days, the media from transfected HEK293T cells was collected, filtered,
and supplemented with OPC growth factors PDGF and FGF. This lentivirus-containing
media was added to OPCs at a ratio of 1:2 (v/v) with fresh OPC growth media. After 24
hours of incubation with virus, transduced cells were switched to fresh OPC growth media
and allowed to recover for 48 hours. OPCs were then selected for 96 hours in OPC growth
media supplemented with a lethal dose of puromycin (500ng/mL, Thermo Fisher,
A1113802) for CRISPR knockout cells or a lethal dose of blasticidin (10ug/mL, Thermo
Fisher, A1113903) and hygromycin (100ug/mL, Thermo Fisher, 10687010) for CRISPR
activation cells. OPCs were then allowed to recover for at least 24 hours following removal
of selection and frozen down in aliquots for future use. For all experiments, the lentivirally
transduced CRISPR/CRISPRA targeting and non-targeting control OPCs were derived from
the same batch of OPCs and infected and selected simultaneously. gPCR was performed to
validate a reduction or overexpression of gene targets of interest for each batch of CRISPR/
CRISPRA OPCs generated.

Generation of HA-Ascl2 OPCs—The lentiviral HA-ASCL2 overexpression construct
was obtained from Genecopoeia (EX-MmO03774-Lv117) and transformed into stbl3 bacteria
(Thermo Fisher, C737303). Positive clones were selected on ampicillin agar plates and
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amplified for maxi-prep (Qiagen, 12163) to obtain sufficient quantities of plasmid. This
construct was used to generate lentivirus and transduce OPCs following the same protocol
used to generate CRISPR knockout OPCs using puromycin (500ng/mL, Thermo Fisher,
A1113802) to select for infected OPCs.

Validating CRISPR knockout in OPCs—Primers were identified surrounding the target
cut site for the two sgVhl constructs (see previous section for SgRNAS) that generate 200
250 base pair amplicons.

For the sgVhl cut site the primers were:

F 5 TCCCTACACGACGCTCTTCCGATCTCTCTCAGGTCATCTTCTGCAACC 3’

R 5" AGTTCAGACGTGTGCTCTTCCGATCTGACAAGATGCTCGGGGTCGG 3’

For the sgVVhl.2 cut site the primers were:

F 5" TCCCTACACGACGCTCTTCCGATCTAATAAACAGGTGCCATGCCC 3’

R5 AGTTCAGACGTGTGCTCTTCCGATCTAGATTGACTATTAACCTGGCAATG 3’

PCR products were run on an agarose gel, excised by gel extraction (28115, Qiagen), and
submitted to the Case Western Reserve University Genomics core for library preparation and
sequencing. Libraries were prepared by adding unique indices by PCR using KAPA HiFi
HotStart ReadyMix. Samples were then pooled evenly, quantified using NEBNext® Library
Quant Kit for Illumina® (New England 641 Biolabs, E7630), and denatured and diluted per
Illumina’s MiSeq instructions. These finished libraries were then sequenced using an
Illumina MiSeq (250bp paired-end). Results were analyzed using Outknocker software
(Schmid-Burgk et al., 2014) (http://www.outknocker.org/outknocker2.htm) to calculate the
percentage of reads with insertions or deletions at the SgRNA target site.

Kinetics of OPC differentiation to oligodendrocytes—This protocol was adapted
from a previous study from our lab (Elitt et al., 2018). Control and CRISPR/CRISRPA OPCs
were seeded at 40,000 cells per well in 96-well poly-ornithine and laminin coated plates into
oligodendrocyte differentiation medium. At day 1, 2, and 3 post-plating, cells were live
stained with mouse anti-O4 (CCF Hybridoma Core Facility) or mouse anti-O1 (CCF
Hybridoma Core Facility) followed by fixation with 4% PFA. Cells were then stained using
rat anti-MBP (1:100, Abcam, ab7349), followed by counterstaining with DAPI (1 pg/ml,
Sigma, D8417). 6-8 fields were captured per well and the percentage of MBP+ cells were
quantified relative to total cell number (DAPI) to control for any possible variations in
plating density.

Compound screening and assessment—Compound screening was carried out as
described in (Lager et al., 2018). Poly-D-lysine-coated 384-well CellCarrier Ultra plates
(PerkinElmer) were coated with laminin diluted in N2B27 base media using an EL406
Microplate Washer Dispenser (BioTek) equipped with a 5l dispense cassette (BioTek) and
were incubated at 37°C for at least 1 hour. A 3mM stock of the Selleck bioactive library in
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dimethylsulfoxide (DMSO) was then added to the plates using a 50nL solid pin tool attached
to a Janus automated workstation (Perkin Elmer) at a 1:1000 dilution such that each well
received a single compound at a final concentration of 3uM. Compounds for dose response
validation were sourced from the Selleck library, except for ERK1/2 inhibitors SCH772984
(Selleck, S7101), AZD0364 (Selleck, S8708), and VX-11e (Selleck, S7709) and MEK5
inhibitors B1X02188 (Selleck, S1530) and B1XX02189 (Selleck, S1531) which were
purchased separately. OPCs were dispensed in oligodendrocyte differentiation media at
12,500 cells per well into the laminin-coated 384 well plates using the BioTek EL406
Microplate Washer Dispenser and differentiated at 37°C for 3 days. At this point, cells were
fixed, washed and stained using the BioTek EL406 Microplate Washer Dispenser. Cells were
stained with anti-MBP (1:100, Abcam, ab7349) along with DAPI (1 pg/ml, Sigma, D8417)
and imaged using the Operetta High Content Imaging and Analysis system (PerkinElmer).

Western blot—For cell culture derived protein samples, at least 1 million OPCs were
collected and lysed in RIPA buffer (Sigma, R0278) supplemented with protease and
phosphatase inhibitor (Thermo Fisher, 78441) for at least 15 minutes and cleared by
centrifugation at 13,000g at 4°C for 15 minutes. Protein concentrations were determined
using the Bradford assay (Bio-Rad Laboratories). Protein was then diluted and added to
Laemmli loading buffer, boiled at 95°C for 5 minutes, run using NUPAGE Bis-Tris gels
(Thermo Fisher, NP0335BOX), and then transferred to PVDF membranes (Thermo Fisher,
LC2002). Blocking and primary/secondary antibody solutions were performed for at least 30
min with 5% nonfat drug milk (Nestle Carnation) in TBS plus 0.1% Tween 20 (TBST).
Primary antibodies used included anti-HIF1a (1:500, Abcam, ab2185), anti-phospho-p44/42
(ERK1/2) (100ng/mL, CST, 9101), anti-p44/42 (total ERK1/2) (100ng/mL, CST, 4696),
anti-DLX3 (2ug/mL, abcam, ab178428), anti-SOX10 (1:100, R&D, AF2864), anti-B-Actin
peroxidase (1:50,000, Sigma, A3854), anti-VHL (5ug/mL, BD Biosciences, 556347), anti-
ASCL2 (1:10, EMD Millipore, MAB4417), anti-MBP (1ug/mL, Biolegend, 808401), anti-
OLIG2 (100ng/mL, Millipore, MABN50), anti-HA (200ng/mL, Cell Signaling
Technologies, 3724S), and anti-MAG (1ug/mL, Thermo Fisher, 346200). Membranes were
then imaged using the Odyssey Fc Imaging System (LI-COR) and analyzed using Image
Studio™ software that is integrated into the Odyssey imaging suite. Westerns were
normalized to loading control Beta-Actin unless otherwise noted.

Co-immunoprecipitation—For immunoprecipitation, 15 million OPCs were lysed in co-
IP buffer (50mM Tris-HCL, pH 7.4, 120mM NaCl, 1mM EDTA, 1% Nonidet P-40 with
Complete EDTA-free protease inhibitor tablet) for 15 minutes with intermittent vortexing.
Lysate was cleared by centrifugation at 16,000g at 4°C for 15 minutes. The supernatant was
divided into three groups for input, immunoprecipitation, and 1gG control. Samples were
rotated at 4°C for 2 hours with 10uL of Protein G magnetic Dynabeads (Thermo Fisher,
10004D) to remove off target binding. Beads were removed by magnet. The supernatant of
the input sample was stored at —80°C while the supernatant of the immunoprecipitation and
IgG samples were combined with 15ug of HIF1a antibody (abcam, 2185), 10ug of OLIG2
antibody (Millipore, ab9610), or 2jg of normal rabbit 1gG antibody (Cell signaling
technologies, 2729S) and rotated overnight at 4°C. The following day, 20uL of protein G
beads were added to the mixture and rotated overnight at 4°C. Samples were placed on a
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magnetic bar to remove supernatant, and beads were washed with 1mL of co-IP buffer 6
times. On the final wash, all supernatant was removed and 50uL of Laemmeli buffer was
added. Sample was heated at 95°C for 5 minutes and collected to run for Western blot
analysis.

qRT-PCR—A least 500,000 OPCs were lysed in TRIzol (Ambion) followed by phenol-
chloroform extraction and processing with the RNeasy Mini Kit (Qiagen, 74104). RNA
quality and quantity was determined using a NanoDrop spectrophotometer. cDNA was
generated using the iISCRIPT kit following the manufacturer’s instructions (Biorad,
1708891). qRT-PCR was performed using pre-designed TagMan gene expression assays
(Thermo Fisher, 4369016). gPCR was performed using the Applied Biosystems 7300 real-
time PCR system and probes were normalized to Rp/13a endogenous control. Tagman probe
IDs and cat numbers used in the study include: SoxZ0(Mm00569909 m1), Rp/13a
(Mm05910660 g1), VA/(Mm00494137_m1), Asc/2(Mm01268891 gl), 7pil
(MmO00833691_g1), Crart(MmO01255905_g1), P4ha2 (Mm00477940_m1), Pok1
(Mm00554300_m1), Pfk/ (Mm00435587_m1), Slc16a3 (Mm00446102_m1), DIx3
(Mm00438428_m1), Vegfa(Mm00437306_m1), Bnip3 (Mm01275600 gl), Pdgfra
(MmO00440701_m1), PlpZ (MmO01297210_m1), and Myrf(Mm01194959 m1). As the
tagman probe for Asc/2bind regions outside of the Asc/? cDNA sequence, SYBR qPCR
(Kappa Biosystems, KK4605) was performed to verify the increase in Asc/2 expression in
HA-ASCL2 OPCs using Rp/13aas a loading control with the following primers: Asc/2 (F:
ATGGAAGCACACCTTGACTG, R: AGTGGACGTTTGCACCTTCA) Rpl13a(F:
TTCTCCTCCAGAGTGGCTGT, R: GGCTGAAGCCTACCAGAAAG).

Cell viability assay—OPCs were seeded into 96 well plates at 25,000 cells/well (96-well
plate, Fisher, 167008) and recovered for 24 hours. Cell viability was assessed using an MTS
assay kit (abcam, ab197010) following the manufacturer’s protocol. Colorimetric
measurements were recorded 9 hours after the addition of the MTS dye solution to the
OPCs.

siRNA knockdown in OPCs—siRNAs were purchased from Horizon/Dharmacon
(Ascl2: L-047262-01-0005, DIx3: L-041957-01-0005, Non-Targeting Control:
D-001206-14-05 5 nmol) and nucleofected into control and sgVVhl OPCs using the Basic
Nucleofector Kit for Primary Mammalian Glial Cells (Lonza, VP1-1006) following
manufacturer’s instructions. In brief, 5 million OPCs were resuspended in nucleofection
solution with 0.6ul of the desired 50uM siRNA solution, nucleofected using the Amaxa
Nucleofector 2b (Lonza, AAB-1001) using the A033 setting, and then plated in
differentiation media supplemented with penicillin-streptomycin (Thermo Fisher, 15070063)
for 72 hours. Leftover OPCs were plated in growth media supplemented with penicillin-
streptomycin (Thermo Fisher, 15070063) for 48 hours and then lysed with TRIzol (Ambion,
15596026) for RNA extraction and gPCR to assess knockdown efficiency.

RNA-seq sample preparation and analysis—At least 1 million OPCs were lysed in

TRIzol and RNA was isolated as described for qPCR. Libraries were prepared following
protocols from NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, E7490L) and
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NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, E7530L). In brief, samples were
enriched for mRNA using oligo(dT) beads, which were then fragmented randomly and used
for cDNA generation and subsequent second-strand synthesis using a custom second-strand
synthesis buffer (Illumina), ANTPs, RNase H and DNA polymerase I. cDNA libraries then
went through terminal repair, A-base ligation, adapter ligation, size selection and PCR
enrichment. Final libraries were pooled evenly and sequenced on the Illumina NovaSeq with
paired-end 150bp reads with a read-depth of at least 20 million reads per sample.

For gene expression analysis, reads were aligned to the mm10 genome build using salmon
0.14.1 (https://github.com/COMBINE-lab/salmon) (Patro et al., 2017) to quantify transcript
abundance in transcripts per million (TPM) values. Transcripts were summarized as gene-
level TPM abundances with tximport. A gene with TPM>1 was considered expressed.
Differential expression analysis was then performed using DESEQ2 (https://
bioconductor.org/packages/release/bioc/html/DESeq2.html) (Love et al., 2014). Significant
genes were called based on p-adj and fold change values as described in the results section.

Violin plots—For violin plots in Figures 2, 6 and S2, RNAseq replicates were divided by
the average of the respective control (TPM) on a per gene basis in each category and then all
individual replicates were plotted together. For Figure S2, the average expression for each
gene in each category in sgVvVhl OPCs was divided by the average expression in control
OPC:s. In all cases the genes in each category were limited to those that were expressed in
sgVhl OPCs (TPM>1) and all TPM values were floored to 1.

Gene ontology analysis and heatmaps—Metascape (http://metascape.org/) (Zhou et
al., 2019) was used to identify significant pathways from RNAseq data. Glycolysis genes
used to construct the heatmap in Figure 2F were taken from Panther (“Glycolysis: P00024").
In Figure 6F, RNA-seq data was fit to the genes within “Oligodendrocyte Development”
(GO: 0014003) that were downregulated in sgVVhl OPCs compared to Cas9 control OPCs
(fold change less than 0.75).

Gene set enrichment analysis—Gene set enrichment analysis (GSEA) scores were
generated for gene sets in C5.bp datasets using classic scoring, 1000 gene-set permutations,
and signal-to-noise metrics. Normalized enrichment scores, false discovery rate and FWER
o-values were all calculated by GSEA software (https://www.gsea-msigdb.org/gsea/
index.jsp) (Subramanian et al., 2005).

ChlP-seq and analysis—Nuclei isolation and chromatin shearing were performed using
the Covaris TruChlP protocol following manufacturer’s instructions for the “high-cell”
format. In brief, 5-20 million cells (H3K27Ac) or 100 million cells (HIF1a) were
crosslinked in “Fixing buffer A” supplemented with 1% fresh formaldehyde for 10 minutes
at room temperature with oscillation and quenched for 5 minutes with “Quench buffer E.”
These cells were then washed with PBS and either snap frozen and stored at —80°C, or
immediately used for nuclei extraction and shearing per the manufacturer protocol. The
samples were sonicated with the Covaris S2 using the following settings: 5% Duty factor 4
intensity for four 60-second cycles. Sheared chromatin was cleared and incubated overnight
at 4 degrees with primary antibodies that were pre-incubated with protein G magnetic
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DynaBeads (Thermo Fisher, 10004D). Primary antibodies used included anti-H3K27Ac
(9ug/sample, Abcam, ab4729), anti-HIF1a (25ug/sample, Abcam, ab2185), anti-Olig2
(15pg/samples, Millipore, ab9610), and anti-HA (15ug/sample, cell signaling technologies,
3724S). These beads were then washed, eluted, reverse cross-linked and treated with RNase
A followed by proteinase K. ChIP DNA was purified using Ampure XP beads (Aline
Biosciences, C-1003-5) and then used to prepare Illumina sequencing libraries as described
previously (Schmidt et al., 2009). Libraries were sequenced on the Illumina HiSeq2500 with
single-end 50bp reads with a read-depth of at least 20 million reads per sample.

For peak calling, reads were quality and adapter trimmed using Trim Galore! Version 0.4.1.
Trimmed reads were aligned to mmZ10 with Bowtie2 version 2.3.2 (Langmead and Salzberg,
2012). Duplicate reads (potential artifacts of PCR in library preparation) were removed
using Picard MarkDuplicates. Peaks were called with MACS version 2.1.1 (Feng et al.,
2012) to define broad peaks for histone marks (H3K27Ac) and narrow peaks for
transcription factors (HIF1a), OLIG2, and HA-ASCL2 and normalized to background
genomic DNA with matched inputs. Thresholding was set at FDR<0.001 for calling both
H3K27Ac, HIF1a, and OLIG2 peaks and was set at FDR<0.1 for calling HA-ASCL2 peaks.
Peaks were visualized with the Integrative Genomics Viewer (IGV, Broad Institute). Peaks
were assigned to the nearest expressed gene (TPM>1 in Cas9 control or sgVVhl OPCs) using
bedtools available in Galaxy (https://usegalaxy.org) (Afgan et al., 2018).

Omni ATAC-segd—Omni ATAC-Seq was performed on 50,000 OPCs in two independent
biological replicates following the protocol outlined in (Corces et al., 2017). In brief, nuclei
were extracted from cells and treated with transposition mixture containing Nextera Tn5
Transposase for (Illumina, FC-121-1030). Transposed fragments were then purified using
Qiagen MinElute columns (Qiagen, 28004), PCR amplified, and libraries were purified with
Agencourt AMPure XP magnetic beads (Aline Biosciences, C-1003-5) with a sample to
bead ratio of 1:1.2. Final libraries were sequenced on the illumine HiSeq2500 with single-
end 50bp reads with nearly 100 million reads per sample. Reads were aligned to the mm10
mouse genome following the same pipeline used for ChIP-seq data (see ChlP-seq and
analysis) and peaks were called using the “narrowPeaks” function of MACS version 2.1.1 as
outlined for HIF1a ChlP-seq (see ChlIP-seq and analysis).

Diffbind analysis—H3K27Ac and Olig2 ChlIP-seqs were performed in duplicate from two
independent batches of Cas9 control and sgVVhl OPCs. Differential H3K27Ac and Olig2
analysis between sgVVhl and Cas9 control OPCs was performed using “Diffbind software”
(https://bioconductor.org/packages/release/bioc/html/DiffBind.html) (Ross-Innes et al.,
2012). A false discovery rate of 0.1 was used to call significantly enriched and depleted
regions of H3K27Ac and 0.001 for Olig2.

HIF1a ChlP-seq overlap analysis—HIF1la ChlP-seq raw data were re-analyzed for: two
HIF1a replicates ChlP-segs and 1 input of E12.5 heart (GSM1500750, GSM150075,
GSM1500749) (Guimaraes-Camboa et al., 2015), two HIF1a replicates ChIP-seqgs and 1
input of melanocyte (GSM2305570, GSM2305571, GSM2305572) (Loftus et al., 2017), and
two HIF1a ChlP-segs and 2 inputs of Th17 cells (GSM1004819, GSM1004991,
GSM1004820, GSM1004993) (Ciofani et al., 2012). For each of the HIF1a ChlP-segs, the

Cell Stem Cell. Author manuscript; available in PMC 2022 February 04.


https://usegalaxy.org/
https://bioconductor.org/packages/release/bioc/html/DiffBind.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allan et al.

Page 21

peaks were called as described above (MACS2, narrow peak, FDR<0.001). Peaks unique to
OPCs were identified by finding peaks not found in the union of all the replicates of every
other tissue sample using the bedtools (v 2.25.0) (Quinlan and Hall, 2010) “intersect”
command. Common peaks across tissues were also identified using the bedtools “intersect”.
RPCG-normed bigwigs were used to create aggregate plots for HIF1a, ATAC-seq, and
H3K27ac using the deeptools (version 3.3.1) (Ramirez et al., 2016) “computeMatrix” and
“plotHeatmap” commands, centering on the HIF1a peak locations in the sgVVhl OPCs. Genes
within 5Kb of these HIF1a peaks were called as HIF1a target genes. For melanocytes and T-
cells, HIF1a target genes were called as only those at the intersection of both of the available
replicates. For embryonic heart and OPCs, there were fewer peaks called compared to the
other tissues, so HIF1a gene targets were called as the union of the two available replicates.
These gene and peak lists were used to generate venn diagrams using the following webtool:
(http://bioinformatics.psh.ugent.be/webtools/Venn/). Cell type specific gene targets of HIF1a
were called if the gene was only a target of HIF1a in that specific cell type (see Table S2).

Motif enrichment analysis—Motifs were called under significant HIF1a peaks
(FDR<0.001), OLIG2 peaks (FDR<0.001), and HA-ASCL2 peaks (FDR<0.1) or regions of
significantly gained H3K27Ac (FDR<0.1) or OLIG2 (FDR<0.05) using HOMERv4.11.1
(Heinz et al., 2010). The FindMotifsGenome.pl tool was used with mm10 as the reference
genome. Known motifs were compiled into supplementary Table S3 and Table S4 and
ranked based on p-value. To calculate enrichment of motifs under tissue-specific HIF1a
peaks, the percentile of the rank for each motif from HOMER was calculated in all four
tissue types (OPCs, heart, melanocytes, and T cells). The average percentile for a motif in
the three other tissues (heart, melanocyte, and T cells) was then subtracted from the
percentile of the same motif in OPCs. The magnitude of the difference was then ranked and
filtered for transcription factors expressed in OPCs to obtain the top motifs enriched under
OPC-specific HIF1a peaks compared to other tissue types.

Mass spectrometry for lactate and pyruvate—OPCs were cultured in OPC growth
media and after growth media was removed, cells were washed with ice-cold saline (3 times)
and collected with 1 ml of 80% ethanol pre-chilled on dry ice. Cells were frozen at —-80°C
until analyses. This cell extract was then vortexed and sonicated for 30 seconds on, 30
seconds off, alternating for 10 minutes. Next, cells were pelleted by centrifugation at 4°C for
10 min at 14,000 rpm. Supernatant was transferred to GC/MS vials and evaporated to
dryness under gentle stream of nitrogen. Keto- and aldehyde groups were reduced by
addition of 10 pl of 1 N NaOH plus 15 pl NaB2H, (prepared as 10 mg/ml in 50 mM NaOH).
After mixing, samples were incubated at room temperature for 1 hour and then acidified by
55 pl of 1 N HCI by dropping the acid slowly. Next, samples were evaporated to dryness.
Next, 50 pl of methanol were added to precipitate boric acid. Internal standard was added
(10 pl of 17:0 FA, 0.1 mg/ml). Samples were evaporated to dryness and reacted with 40 pl of
pyridine and 60 pl of tert-butylbis(dimethylsilyl) trifluoroacetamide with 10%
trimethylchlorosilane (Regisil) TBDMS at 60°C for 1 hour. Resulting TBDMS derivatives
were injected into GC/MS. Analyses were then carried out on an Agilent 5973 mass
spectrometer equipped with 6890 Gas Chromatograph. A HP-5MS capillary column (60 m x
0.25 mm x 0.25 um) was used in all assays with a helium flow of 1 ml/min. Samples were
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analyzed in Selected lon Monitoring (SIM) mode using electron impact ionization (EI). lon
dwell time was set to 10 msec. Lactate and pyruvate were both measured for all samples.

Oligocortical spheroid immunohistochemistry—Oligocortical spheroids were
treated every other day with DMSO or 300nM AZD8330 between days 70 and 74 and
harvested on day 90. 2 hours prior to harvesting, spheroids were treated with 200uM
Hypoxyprobe-1 (pimonidazole, Hypoxyprobe Inc, Burlington MA, HP1-100Kit). Spheroids
were washed in PBS and fixed overnight in ice cold 4% Paraformaldehyde (Electron
Microscopy Sciences, 15710) and then washed in PBS and cryoprotected in a 30% sucrose
solution. Spheroids were frozen in OCT and sectioned at thickness of 15 um. Slides were
washed in PBS and incubated overnight with anti-MyRF (1:1000, gift from Michael
Wegner) and anti-pimonidazole antibodies (1:250, Hypoxyprobe Inc, Burlington MA, HP1-
100K:it) followed by labelling with appropriate Alexa-Fluor labeled secondary antibodies
(2ug/mL, Thermo Fisher). Images were captured using a Hamamatsu Nanozoomer S60 Slide
scanner with NDP 2.0 software. Images spanning the edge to the central region of each
oligocortical spheroid were used for analysis. SOX10+ cells and MyRF+ oligodendrocytes
in Hypoxyprobe positive and Hypoxyprobe negative areas within each image were
quantified using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism was used to perform statistical analyses unless otherwise noted. Statistical
tests and replicate descriptions are detailed in each figure legend. In brief, black filled-in
circles for bar graphs indicate biological replicates whereas open circles represent technical
replicates.

Statistics were only performed on samples with biological replicates. Data is typically
graphed as mean * standard deviation (SD) or + standard error of the mean (SEM) as
detailed in the figure legend. A p-value less than 0.05 was considered significant unless
otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. HIF1a activates both canonical hypoxia-response and unique OPC-specific
genes

. OLIG2 physically interacts with HIF1a and is enriched at OPC-specific
HIF1a targets

. OPC-specific HIF1a targets suppress SoxI0to impair oligodendrocyte
formation

. MEK inhibition increases SoxZ0expression to rescue OPC function from
hypoxia
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Figure 1. HIF1a Accumulation Impairs the Induction of Oligodendrocytes from OPCs
(A) Western blot of HIF1a in sgVVhl and Cas9 control OPCs.

(B) qRT-PCR of Vegfaand Bnijp3in Cas9 control (in blue) and sgVhl (in green) OPCs. Data
are presented as mean + SEM from 3 biological replicates.

(C) Western blot of HIF1a in hypoxic (1% O») and normoxic OPCs.

(D) gRT-PCR of Vegfaand Bnip3in hypoxic (in green) and normoxic (in blue) OPCs. Data
are presented as mean + SEM from 3 biological replicates.

(E) Schematic of the two /n vitro differentiation schemes directing OPCs to either
oligodendrocytes or astrocytes.

(F) Representative images of Cas9 control and sgVhl oligodendrocytes (MBP+ in green) and
astrocytes (GFAP+ in green). Nuclei are marked by DAPI (in blue). Scale bar, 100um.

(G) Quantification of the percentage of oligodendrocytes (MBP+ cells / DAPI) and
astrocytes (GFAP+ cells / DAPI) formed from sgVhl (in green) and Cas9 control OPCs (in
blue). Data are presented as mean + SD from 3 independent biological replicates. p-values
were calculated using Student’s two-tailed t-test.

(H) Schematic illustrating acquisition of early (O4), intermediate (O1) and late (MBP)
oligodendrocyte markers during /n vitro oligodendrocyte differentiation.

(1) Representative images of early (O4+ in green), intermediate (O1+ in green) and late
(MBP+ in green) oligodendrocytes during days 1, 2, and 3 of differentiation of Cas9 control
and sgVhl OPCs. Nuclei are marked by DAPI (in blue). Scale bars, 100um.

J-L) Quantification of the percentage of early O4+ (J), intermediate O1+ (K), and late MBP
+ (L) oligodendrocytes in sgVhl (in green) and Cas9 control OPCs (in blue) at days 1, 2, and
3 of differentiation. Data are presented as mean + SD from 3 independent biological
replicates. p-values were calculated using two-way ANOVA (reported as ANOVA p=) for
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overall group differences and Sidak’s multiple comparisons test for individual timepoint
differences.

p-values for gRT-PCRs were calculated using Student’s two tailed t-test.

See also Figure S1.
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Figure 2. HIFla directly upregulates unique targets in OPCs.
(A) Aggregate binding profile and heatmap of 503 HIF1a peaks (FDR<0.001) in sg\Vhl

OPCs within 2Kb of the transcription start site (TSS) and transcription end site (TES) of the
closest expressed gene in Cas9 control and sgVVhl OPCs. See also Table S1 for full list of
peaks.

(B) Venn diagram of direct HIF1a target genes in diverse mouse tissues overlapped with
HIF1a targets in OPCs. See also Table S2 for full list of peaks.

(C) Wolcano plot of genes that significantly increase and decrease in yellow and blue
respectively (P-adj < 0.05) in sgVhl OPCs compared to Cas9 control OPCs with direct
targets of HIF1a in black. Gray dots are genes not significantly different between conditions.
Data are from 3 biological replicates.

(D) Violin plots of expression data (TPM) normalized to Cas9 control OPCs for canonical
and OPC-specific HIF1a targets in Cas9 control (in blue) and sgVVhl (in green) OPCs. Bold
dashed line represents the median with the thin dashed lines representing the upper and
lower quartiles. p-values were calculated using the Mann-Whitney test.

(E) Gene ontology (GO) analysis of shared canonical targets of HIF1a. Table shows the rank
of the GO term along with —log(p-value).

(F) Heatmap of row normalized expression of glycolysis genes (TPM) between Cas9 control
and sgVVhl OPCs. Genes in the gray box are direct targets of HIF1a. Each row represents a
biological replicate.

(G) Gene ontology (GO) analysis of OPC-specific HIF1a target genes. Table shows the rank
of the GO term along with —log(p-value).

See also Figure S2.
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Figure 3. Chromatin Accessibility and Cell-Type-Specific Transcription Factors Define Non-
Canonical HIF1a Targets.

(A) Aggregate plots of HIF1a and H3K27ac enrichment in Cas9 control and sgVVhl OPCs
and open chromatin enrichment in non-transduced OPCs at shared canonical HIF1a peaks,
OPC-specific HIF1a peaks, and “other tissue-specific” HIF1a peaks.

(B) Heatmap of the enrichment of the top 10 transcription factor motifs under non-canonical
HIF1a peaks in OPCs compared to other tissue types. Olig2 (highlighted in red) is a
dominant transcription factor of the oligodendrocyte lineage.

(C) Aggregate plots of OLIG2 enrichment in Cas9 control and sgVVhl OPCs at canonical
HIF1a peaks, OPC-specific HIF1a peaks, and “other tissue-specific” HIF1a peaks.

D) Western blot of OLIG2 from total cell lysate (input), IgG control lysate, and lysate from
pulldown (IP) of either OLIG2 (on left) or HIF1a (on right) in Cas9 control (top) and sgVhl
OPCs (bottom). See also figures S3H and S3I for reciprocal co-IP and replicate co-IP in
sgVhl OPCs.

(E) Genome browser view of H3K27Ac, HIF1a, and OLIG2 ChIP-seq in Cas9 control (blue)
and sgVhl (green) OPCs at Bnip3and Ascl2. Scale bars, 5 Kb and 2 Kb respectively.

See also Figure S3.
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Figure 4. OPC-specific HIF1a Targets Ascl2 and DIx3 Suppress Sox10 and Impair
Oligodendrocyte Formation.

(A) Quantification of the normalized expression (TPM) of oligodendrocyte lineage markers
in Cas9 control (in blue) and sgVhl (in green) OPCs. Data represent mean + SEM from 3
independent RNA-seq replicates.

(B) Genome browser view of H3K27ac and HIF1a ChIP-seq in Cas9 control (in blue) and
sgVhl (in green) OPCs at the locus for Sox10. The gray bar highlights significant H3K27Ac
enrichment at the SoxZ0 promoter in control cells (-logyg(q value) = -5.6) that is absent in
Vhl knockout OPCs. Scale bar, 2Kb.

(C) gRT-PCR of Sox10and downstream SOX10 target genes Pdgfraand PlpI in sgVhl (in
green) and Cas9 control (in blue) OPCs. Data are presented as mean = SEM from 3
biological replicates.

(D) Western blot for SOX10 in sgVhl, Vhl.2 OPCs, and Cas9 control OPCs. Data represent
results from a single biological replicate.

(E) Venn diagram overlapping genes with proximal HIF1a binding (in green), significant
gains in H3K27ac (in blue), and significantly increased expression (in purple) in OPCs. The
top 10 genes were then ranked and listed by their enrichment score, which is the product of
the Log,(Fold change in gene expression) and —Log(P-adj). See also Table S1 for the full
target list.

(F) gRT-PCR of 8 top HIF1a target genes (see Figure 1D for Vegfaand Bnip3) in hypoxic
(1% Oy, in green) and normoxic (21% O, in blue) OPCs. Data are presented as mean +
SEM from 3-4 technical replicates.

(G) Genome browser view of HIF1a ChlP-seq at Asc/2and DI/x3in sgVhl OPCs (in green),
Cas9 control OPCs (in blue), and other diverse cell types. H3K27ac and OLIG2 enrichment
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are also shown in sgVVhl and Cas9 control OPCs. The gray bars highlight HIF1a
accumulation in sgVVhl OPCs. Scale bars, 2Kb.

(H) Quantification of the percentage of early O4+, intermediate O1+, and late MBP+
oligodendrocytes from sgAscl2 (in yellow), sgDIx3 (in dark blue) and sgControl (in light
blue) CRISPRA OPCs at day 1, 2 and 3 of differentiation. Data are presented as mean + SD
of 6-8 technical replicates (individual wells) per condition.

() gRT-PCR of Sox10in sgAscl2 (in yellow), sgDIx3 (in dark blue), and sgControl (in light
blue) CRISPRA OPCs. Data are presented as mean = SEM from 3 biological replicates.

(J) Genome browser view of HA ChlIP-seq upstream of Sox0in Cas9 control (in blue) and
HA-Ascl2 (in yellow) OPCs. The gray bars highlight enhancers for Sox10 defined by
H3K27Ac ChlP-seq in Cas9 Control OPCs. Scale bar, 5 Kb.

p-values for gRT-PCRs were calculated using Student’s two-tailed t-test.

See also Figure S4.
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Figure 5. Chemical Inhibition of MEK/ERK Increases Oligodendrocyte Formation from sgVvhl
OPCs
(A) Primary bioactives library screen showing the effect of 1753 molecules on percentage of

oligodendrocytes (MBP+ cells/ total DAPI) formed by sgVVhl OPCs relative to DMSO
treated sgVVhl OPCs. The dotted line represents a 3-fold increase in oligodendrocyte
formation and compounds that clear this threshold are indicated as green dots. MEK
inhibitors are highlighted as gray boxes and pro-myelinating drugs are highlighted as yellow
dots. See also Table S5. (B) Pie charts of the number of MEK inhibitors (in dark gray) and
other compounds classes (in blue) within top hits compared to their prevalence in the non-
toxic compounds of the Selleck library. p-value was calculated using hypergeometric
analysis. (C) Representative immunocytochemistry images of oligodendrocytes (MBP+ in
green) from the primary drug screen of the top 5 MEK inhibitor hits along with the DMSO
negative control. Nuclei are marked by DAPI (in blue). Scale bars, 1200um.

(D) Heatmap showing the row normalized fold change in the percentage (MBP+ / DAPI) of
oligodendrocytes relative to DMSO treated sg\VVhl OPCs of an 8-point dose curve of the
primary hits. The heatmap rows are sorted by unsupervised hierarchical clustering with
columns in order from high (10uM) to low dose (78nM). MEK inhibitors are highlighted in
gray and bolded. Data are presented as the mean from 3 separate dose curve plates. See also
Table S6.

(E) Averaging all 8 doses shows the ability of each MEK inhibitor to increase the formation
of oligodendrocytes (MBP+/DAPI) relative to DMSO treated sgVVhl OPCs. Green and blue
columns represent the most and least effective compounds respectively. Data are presented
as the mean + SD from 3 separate dose curve plates. p-values were calculated using a one-
way ANOVA with Tukey’s multiple comparisons test.
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(F) Representative western blot for phosphorylated ERK1/2 (p-ERK1/2) relative to total
ERKZ1/2 of sgVVhl OPCs incubated with 100nM of indicated MEK inhibitors for 30 minutes.
(G) Quantification of the ratio of p-ERK1/2 to total ERK1/2 for the most (in green) and least
(in blue) effective MEK inhibitors relative to DMSO treated controls. Data are presented as
mean + SD from 3 biological replicates. p-values were calculated using one-way ANOVA
with Dunnett’s multiple comparisons test.

See also Figure S5.
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Figure 6. MEK Inhibitors Restore Sox10 Expression Independent of HIF1a Activity in OPCs
(A) Western blot for HIF1a in sgVVhl OPCs treated with AZD8330 or DMSO. Data represent

results from a single biological replicate.

(B) Violin plot of normalized expression (TPM values normalized to Cas9 control+DMSO)
of direct functional targets of HIF1a (see Figure 2B) in Cas9 control+DMSO (in blue),
sgVhl + DMSO (in green), and sgVhl + AZD8330 (in purple) OPCs.

(C) Quantification of normalized expression (TPM) for both Asc/2and D/x3in Cas9 control
+DMSO (in blue), sgVhl+DMSO (in green) and sgVVhl+AZD8330 (in purple) OPCs. Data
represent mean = SD from 3 independent RNA-seq replicates.

(D) Gene set enrichment analysis (GSEA) analysis of gene program changes in sgVhl
compared to Cas9 control OPCs demonstrates a significant reduction (FDR<0.001) in GO
terms for Oligodendrocyte Development (normalized enrichment score/NES = -2.74) and
Oligodendrocyte Differentiation (NES = -3.11).

(E) GSEA analysis of gene program changes in sg\VVhl + AZD8330 compared to sgVhl +
DMSO OPCs demonstrates a significant enrichment (FDR<0.001) in GO terms for
Oligodendrocyte Development (normalized enrichment score/NES = 2.98) and
Oligodendrocyte Differentiation (NES = 3.58).

(F) Violin plot showing normalized expression (TPM values normalized to Cas9 control +
DMSO OPCs) of genes in the GO term Oligodendrocyte Development (GO:0014003) that
decrease (FC<0.75) in sgVVhl + DMSO OPCs (in green) relative to Cas9 control + DMSO
OPCs (in blue) as well as sgVVhl OPCs following treatment with AZD8330.

(G) gRT-PCR of Sox10and Myrfin Cas9 control+DMSO (in blue), sgVhI+DMSO (in
green) and sgVhl+AZD8330 (in purple) OPCs. Data are presented as mean = SEM from 4
technical replicates (individual wells).
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(H) Schematic of human brain oligocortical spheroids treated at days /n vitro (DIV) 70 with
either DMSO or AZD8330 for 4 days. At day 90, organoids were incubated with
hypoxyprobe, fixed, and sectioned for immunohistochemistry.

(1) Representative immunohistochemistry images for oligodendrocytes (MYRF+ in red) and
hypoxic regions (hypoxyprobe in green) of DIV 90 oligocortical spheroids at low and high
magnification that were treated from DIV 70-74 with DMSO or AZD8330. Scale bars,
100uM.

(J) Quantification of oligodendrocytes (MYRF+ / mm2) in the whole oligocortical spheroid
(total), hypoxic region of the spheroid (hypoxyprobe positive), and normoxic region of the
spheroid (hypoxyprobe negative) in DIV 90 spheroids that had been treated with DMSO or
AZD8330 from DIV 70-74. Data represent mean = SD from 8-9 individual spheroids. p-
values were calculated using Student’s two-tailed t-test.

AZD8330 was used at a dose of 300nM for all experiments and p-values for violin plots
were calculated using the Kruskal Wallis One-Way ANOVA with Dunn’s multiple
comparisons test.

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD140a-APC eBioscience Cat#17-1401-81; RRID:AB_529482
NG2-AF488 Millipore Cat#AB5320A4; RRID:AB_11203143
OLIG2 Proteintech Cat#13999-1-AP; RRID:AB_2157541
OLIG2 Millipore Cat#AB9610; RRID:AB_570666
OLIG2 Millipore Cat#MABN50; RRID:AB_10807410
MBP Abcam Cat#ab7349; RRID:AB_305869

o1 CCF Hybridoma Core Facility | N/A

04 CCF Hybridoma Core Facility | N/A

ASCL2 Millipore Cat#MAB4417; RRID:AB_10562654
GFAP Agilent/Dako Cat#2033401-2

Donkey anti-rat AF488

Thermo Fisher Scientific

Cat#A-21208; RRID:AB_2535794

Donkey anti-mouse AF488

Thermo Fisher Scientific

Cat# A-21202; RRID:AB_141607

Donkey anti-mouse AF647

Thermo Fisher Scientific

Cat#A31571; RRID:AB_162542

Donkey anti-rabbit AF647

Thermo Fisher Scientific

Cat#A31573; RRID:AB_2536183

HIFla

Abcam

Cat#ADb2185; RRID:AB_302883

Phospho-p44/42. (phosphorylated-ERK1/2)

Cell Signaling Technologies

Cat#9101S; RRID:AB_331646

P44/42 (total ERK1/2)

Cell Signaling Technologies

Cat#9102S; RRID:AB_330744

Phospho-ERKS5 (Thr218/Tyr220)

Cell Signaling Technologies

Cat#3371S; RRID:AB_2140424

ERKS5 (total)

Cell Signaling Technologies

Cat#3372S; RRID:AB_330491

DLX3

Abcam

Cat#Ab178428

SOX10

R&D Systems

Cat#AF2864; RRID:AB_442208

B-Actin peroxidase

Sigma Aldrich

Cat#A3854; RRID:AB_262011

VHL BD Biosciences Cat#556347; RRID:AB_396376
MBP Abcam Cat#ab7349; RRID:AB_305869
MBP BioLegend Cat#808401; RRID:AB_2564741
MAG Thermo Fisher Scientific Cat#346200; RRID:AB_2533179
H3K27Ac Abcam Cat#Ab4729; RRID:AB_2118291
MyRF Gift from Michael Wegner

HA Cell Signaling Technologies Cat#3724S; RRID:AB_1549585

Normal Rabbit IgG

Cell Signaling Technologies

Cat#2729S; RRID:AB_1031062

SOX6 abcam Cat#30455; RRID:AB_1143033
A2B5 Millipore Cat#MAB312; RRID:AB_94709
NKX2-2 DSHB Cat#74.5A5; RRID:AB_531794

Bacterial and Virus Strains

Stbl3 E.Coli

ThermoFisher

Cat#C737303

Lenti-X shots for lenti-virus generation

Clonetech

Cat# 631276
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Biological Samples

MCH forebrain mouse protein lysate samples Gift from Brian Popko | N/A

Chemicals, Peptides, and Recombinant Proteins

N2 Max R&D Systems Cat#AR009

B27 Thermo Fisher Scientific Cat#12587010
bFGF R&D Systems Cat#23-3FB-01M
PDGFA Thermo Fisher Scientific Cat#221-AA-050
DMEM/F12 Thermo Fisher Cat#11320-033
DMEM Thermo Fisher Cat# 11960-044

Fetal Bovine Serum (FBS)

Fisher

Cat#A3160402

MEM Non-essential amino acids

Thermo Fisher

Cat#11140-050

Glutamax Thermo Fisher Cat#35050061
2-Mercaptoethanol Sigma Cat#M3148
Poly-L-ornithine Sigma Aldrich Cat#P3655-50MG
Laminin Sigma Aldrich Cat#L2020-1MG
Noggin R&D Systems Cat#3344NG050
IGF-1 R&D Systems Cat#291G1200
cyclic AMP Sigma Aldrich Cat#D0260-100MG
NT3 Thermo Fisher Scientific Cat#267N3025

T3 (Thyroid hormone) Sigma Aldrich Cat#T-6397

Hb-EGF R&D Systems Cat#259-HE-050
CNTF R&D Systems Cat#557-NT-010
BMP4 R&D Systems Cat#314-BP-050
CloneR Stem Cell Technologies Cat#5889
LDN193189 Sigma Cat#SML0559
SB-43152 Sigma Cat#S4317

Normal donkey serum

Jackson ImmunoResearch

Cat#017-000-121

Paraformaldehyde Electron microscopy sciences | Cat#15710
Triton X-100 Sigma Aldrich Cat#1086431000
DAPI Sigma Aldrich Cat#D8417
Puromycin Thermo Fisher Scientific Cat#A1113802
Blasticidin Thermo Fisher Scientific Cat#A1113903
Hygromycin Thermo Fisher Scientific Cat#10687010
SCH772984 Selleck Chemicals Cat#S7101
AZDO0364 Selleck Chemicals Cat#S8708
VX-1le Selleck Chemicals Cat#S7709
BIX02188 Selleck Chemicals Cat#S1530
B1X02189 Selleck Chemicals Cat#S1531
RIPA Buffer Sigma Cat# R0278
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REAGENT or RESOURCE SOURCE IDENTIFIER
Protease and Phosphatase Inhibitor Thermo Fisher Scientific Cat#78441
NUPAGE Bis-Tris gels Thermo Fisher Scientific Cat#NP0335BOX
PVDF membranes Thermo Fisher Scientific Cat#L.C2002

TRIzol Ambion Cat#15596-026
Protein G magnetic DynaBeads Thermo Fisher Scientific Cat#10004D
Proteinase K Thermo Fisher Cat#AM2546

Ampure XP beads

Aline Biosciences

Cat#C-1003-5

Hypoxyprobe-1

Hypoxyprobe Inc

Cat#HP1-100Kit

Penicillin-streptomycin ThermoFisher Cat#15070063
Bioactive Compound Library-I Selleck Chemicals Cat#1700
Critical Commercial Assays

QIAquick Gel Extraction Kit Qiagen Cat#28115
Qiagen Plasmid Maxi Kit (25) Qiagen Cat#12163
KAPA HiFi HotStart ReadyMix KAPA Biosystems Cat#kk2602
KAPA Sybr Fast qPCR kit KAPA Biosystems Cat# KK4605
Tagman gene expression master mix Thermo Fisher Cat#4369016
NEBNext® Library Quant Kit for Illumina® New England 641 Biolabs Cat#E7630
Protein Assay Kit Bio-Rad Cat#5000001
RNeasy Mini Kit Qiagen Cat#74104
iScript cDNA synthesis kit Bio-Rad Cat#1708891
NEBNext Poly(A) mRNA Magnetic Isolation Module | NEB Cat#E7490L
NEBNext Ultra RNA Library Prep Kit for lHllumina NEB Cat#E7530L
truChIP Chromatin Shearing Kit with Formaldehyde Covaris Cat#520154

Hypoxyprobe Kit

Hypoxyprobe Inc

Cat#HP1-100Kit

ON-TARGETplus Mouse siRNA smartpool: Ascl2

Horizon/Dharmacon

Cat#L-047262-01-0005

ON-TARGETplus Mouse siRNA smartpool: DIx3

Horizon/Dharmacon

Cat#l-041957-01-0005

siGENOME Mouse siRNA pool: Non-Targeting
Control #2

Horizon/Dharmacon

Cat#D-001206-14-05 5 nmol

Basic NucleofectorTM Kit for Primary Mammalian Lonza Cat# VPI-1006

Glial Cells

Qiagen MinElute PCR purification Kit Qiagen Cat#28004

MTS assay kit abcam Cat# ab197010

Deposited Data

RNA-seq datasets This paper GSE143474; GSE143473 (subseries)
ChIP-seq datasets This paper GSE143474; GSE143472 (subseries)
ATAC-seq datasets This paper GSE143474; GSE155366 (subseries)

Experimental Models: Cell Lines

Lenti-X 293T Cell line

Takara Biosciences

Cat#632180

Epiblast stem cell (EpiSC) derived OPCs

Najm et al. 2011

N/A

Human iPSCs (H7) to derive Oligocortical spheroids

NIH hESC registry

NIHhESC-10-0061; RRID:CV-
CL_9772
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Organisms/Strains

Mouse, Male: 129S/SvEv E3.5 for EpiSC isolation

Jackson Laboratory

RRID:MGI:3050593

Mouse, mixed sex, postnatal day 2 and 7: C57BL/6J

Jackson Laboratory

RRID:IMSR_JAX:000664

Oligonucleotides

Primer: sgVHL Forward:
TCCCTACACGACGCTCTTCCGATCTCTCTCAG
GTCATCTTCTGCAACC

This manuscript

IDT

Primer: sgVHL Reverse:
AGTTCAGACGTGTGCTCTTCCGATCTGACAAG
ATGCTCGGGGTCGG

This manuscript

IDT

Primer: sgVHL.2 Forward:
TCCCTACACGACGCTCTTCCGATCTAATAAACA
GGTGCCATGCCC

This manuscript

IDT

Primer: sgVHL.2 Reverse:
AGTTCAGACGTGTGCTCTTCCGATCTAGATTG
ACTATTAACCTGGCAATG

This manuscript

IDT

SgRNAs

See methods

IDT

Tagman probes

See methods

IDT

Recombinant DNA

CRISPRV2 constructs

Sanjana et al., 2014

Addgene plasmid #52961;
RRID:Addgene_52961

lentiSAMV2 constructs

Joung et al., 2017

Addgene plasmid #75112;
RRID:Addgene_75112

Activation helper

Joung et al., 2017

Addgene plasmid #89308;
RRID:Addgene_89308

N-terminus tagged 3x HA Ascl2 construct

Genecopoeia

Cat# EX-Mm03774-Lv117

Software and Algorithms

Columbus Image Data Storage and Analysis System

Perkin Elmer

www.perkinelmer.com/Product/
columbus

Outknocker

Schmid-Burgk et al., 2014

http://www.outknocker.org/
outknocker2.htm

Graphpad Prism Graphpad Software https://www.graphpad.com/scientific-
software/prism/; RRID: SCR_002798
Image Studio Acquisition software LI-COR LI-COR Image Studio Software;

RRID:SCR_015795

Salmon 0.14.1 Patro et al. 2017 https://github.com/COMBINE-Iab/
salmon

DESEQ2 Love et al. 2014 https://bioconductor.org/packages/
release/bioc/html/DESeq2.html;
RRID:SCR_015687

Metascape Zhou et al. 2019 http://metascape.org/gp/index.html#/
main/stepl; RRID:SCR_016620

GSEA Subramanian et al. 2005 https://www.gsea-msigdb.org/gsea/

index.jsp; RRID:SCR_003199

Trim Galore! Version 0.4.1

Krueger, F. 2015

http://
www.bioinformatics.babraham.ac.uk/
projects/trim_galore/;
RRID:SCR_011847

Bowtie2 Version 2.3.2

Langmead and Slazberg, 2012

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml;
RRID:SCR_005476
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

MAGCs Version 2.1.1

Feng et al. 2012

http://liulab.dfci.harvard.edu/MACS/;
RRID:SCR_013291

Integrative Genomics Viewer

Broad Institute

http://www.broadinstitute.org/igv/;
RRID:SCR_011793

Galaxy

Afgan et al. 2018

http://galaxyproject.org/;
RRID:SCR_006281

Diffbind software

Ross-Innes et al. 2012

https://bioconductor.org/packages/
release/bioc/html/DiffBind.html;
RRID:SCR_012918

HOMERv4.11.1

Heinz et al., 2010

http://homer.ucsd.edu/;
RRID:SCR_010881

BEDTools Version 2.25.0

Quinlan and Hall, 2010

https://github.com/arg5x/bedtools2;
RRID:SCR_006646

Deeptools Version 3.3.1

Ramirez et al., 2016

https://deeptools.readthedocs.io/en/
develop/; RRID:SCR_016366

Microsoft Excel Microsoft 2016
Ilustrator CC Adobe 2020

Other

C-Chamber BioSpherix Cat#C-274
96-well plate ThermoFisher Cat#167008
384-well PDL-coated plate PerkinElmer Cat#6057500
Operetta High Content Imaging and Analysis System PerkinElmer N/A

EL406 Microplate Washer Dispenser BioTek N/A

5ul dispense cassette BioTek N/A

Janus automated workstation PerkinElmer N/A
Odyssey Fc Imaging System LI-COR N/A

7300 real-time PCR system Applied Biosystems N/A

5973 Mass Spectrometer Agilent N/A
Hamamatsu Nanozoomer S60 Slide Scanner Hamamatsu C13210-01
SuperSignal West Pico PLUS Chemiluminescent ThermoFisher Cat#34580
Substrate

Halt Protease and Phosphatase Inhibitor Cocktail, ThermoFisher Cat#78441

EDTA-free (100x)

Nextera Tn5 Transposase Ilumina Cat#FC-121-1030
Covaris S2 Focused Ultrasonicator Covaris Cat#17015
Amaxa Nucleofector 2b Lonza Cat#AAB-1001

E12.5 heart HIF1a ChIP-Seq

Guimaraes-Camboa et al.,
2015

GSM1500750, GSM1500751,
GSM1500749

Melanocyte HIF1a ChIP-Seq

Loftus et al., 2017

GSM2305570, GSM2305571,
GSM2305572

Th17 T-cell HIF1a ChIP-Seq

Ciofani et al., 2012

GSM1004819, GSM1004991,
GSM1004820, GSM1004993

Mus musculus mm10 genome build

NCBI; Mouse Genome
Sequencing Consotium

https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001635.20/
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