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Abstract

Oligodendrocytes (OLs) produce myelin in the central nervous system (CNS), which accelerates the propagation of action
potentials and supports axonal integrity. As a major component of CNS myelin, proteolipid protein 1 (Plp1) is indispensable
for the axon-supportive function of myelin. Notably, this function requires the continuous high-level expression of Plp1 in
OLs. Equally important is the controlled expression of Plp1, as illustrated by Pelizaeus–Merzbacher disease for which the
most common cause is PLP1 overexpression. Despite a decade-long search, promoter–distal OL enhancers that govern Plp1
remain elusive. We have recently developed an innovative method that maps promoter–distal enhancers to genes in a
principled manner. Here, we applied it to Plp1, uncovering two OL enhancers for it (termed Plp1-E1 and Plp1-E2). Remarkably,
clustered regularly interspaced short palindromic repeats (CRISPR) interference epigenome editing showed that Plp1-E1 and
Plp1-E2 do not regulate two genes in their vicinity, highlighting their exquisite specificity to Plp1. Assay for transposase-
accessible chromatin with high-throughput sequencing (ATAC-seq) and chromatin immunoprecipitation with high-
throughput sequencing (ChIP-seq) data show that Plp1-E1 and Plp1-E2 are OL-specific enhancers that are conserved among
human, mouse and rat. Hi-C data reveal that the physical interactions between Plp1-E1/2 and PLP1 are among the strongest
in OLs and specific to OLs. We also show that Myrf, a master regulator of OL development, acts on Plp1-E1 and Plp1-E2 to
promote Plp1 expression.

Introduction
In the central nervous system (CNS), oligodendrocytes (OLs)
extend and wrap their plasma membranes around axons, form-
ing myelin sheaths (1). Myelin is essential for the development
and function of the CNS. The classical function of myelin is to
accelerate the propagation of action potentials along the axon by
enabling saltatory conduction (2). We now know that myelin is
more than a fatty insulation. For example, myelin provides axons
with critical trophic and metabolic support (3–5), and adaptive
myelination underlies learning and memory (6–10). Moreover,
myelin promotes synaptogenesis and mediates the effect of
social experience on animal behavior (11–13).
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Proteolipid protein 1 (Plp1) is the most abundant membrane
protein in CNS myelin (1), and PLP1 mutations are linked to
neurological disorders such as Pelizaeus–Merzbacher disease
(PMD) and spastic paraparesis (14). Gene knockout studies have
shown that Plp1 is dispensable for myelin formation (15), a
surprising finding in light of its super-abundance in myelin.
However, Plp1 ablation in OL lineage cells led to axonal degenera-
tion without overt demyelination (16,17), which is also observed
in patients (18). These observations indicate that Plp1 is essential
for the axon-supportive function of myelin. Fine regulation of
PLP1 expression is physiologically important. More than half of
PMD cases are caused by a duplication of the PLP1 locus that
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Figure 1. A principled method to find OL enhancers for Plp1.

results in a 2-fold increase in PLP1 expression (19–21). Lowering
PLP1 expression has been suggested as a curative approach for
PMD (22,23). On the other hand, the axon-supportive function of
myelin requires Plp1 to be expressed at a high level throughout
life (24).

The OL-specific high-level expression of Plp1 has prompted
the search for OL enhancers that regulate Plp1 (25–29). Enhancers
are cis-regulatory DNA elements that direct cell type-specific
gene expression by serving as transcription factor-binding plat-
forms (30,31). A fascinating yet perplexing feature of enhancers
is that they are often far away from target genes. This has made it
difficult to find target genes of enhancers and vice versa. For this
reason, the traditional approach to finding enhancers for a gene
of interest is to find conserved sequence segments in its vicinity
and to test whether they work as enhancers. If they do, the
gene is assumed to be under their control. Following this spirit,
wmN1, an OL enhancer in the first intron of Plp1, was discovered
more than a decade ago (28). wmN1 has been assumed, but not
proved, to govern Plp1 expression. It remains unknown whether
there are any promoter–distal OL enhancers for Plp1. We have
recently developed an innovative method that maps promoter–
distal enhancers to genes in a principled manner (32). Its power
was demonstrated for Myrf (32) and Rgcc (33). Encouraged by
these successes, this study has applied it to Plp1, uncovering two
promoter–distal OL enhancers for it.

Results
A principled method to find promoter–distal OL
enhancers for Plp1

The key features of our new method are the rational search of
enhancer candidates and CRISPRi (CRISPR interference) interro-
gation. It works in three steps (Fig. 1). First, chromatin conforma-
tion capture studies have shown that a gene and its enhancer
tend to be found in the same topologically associating domain
(TAD), a fundamental unit of genome organization and function
(34,35). Thus, the Plp1 TAD is where we should look in search
of Plp1 enhancers. In other words, the Plp1 TAD information
allows us to rationally narrow down the search space for Plp1
enhancers. Of note, the internal detail of a TAD reflects cell
type-specific gene-enhancer interactions, differing between cell
types. In contrast, the boundary of a TAD tends to be conserved
between cell types and species (34,36). This enabled us to identify
the Myrf TAD by analyzing public chromatin interaction data
for non-OL cell types (32). Now, OL chromatin interaction data
are publicly available (37), greatly aiding TAD analysis for OL
genes such as Plp1. Second, we systematically identify putative
OL enhancers in the Plp1 TAD, which are qualified to be Plp1
enhancer candidates because they are in the same TAD as Plp1.
Our previous study generated a genome-wide map of putative
OL enhancers by integrating public OL ChIP-seq data (32). We
compare this genome-wide map with the Plp1 TAD, uncovering

all putative OL enhancers in the Plp1 TAD. Through the first
and second steps (Fig. 1), we reduce the Plp1 enhancer search
space from the entire genome to a few discrete loci in a prin-
cipled manner. Third, we interrogate Plp1 enhancer candidates
with CRISPRi, a cutting-edge epigenome editing technique (38–
42), to determine whether they control Plp1 expression. CRISPRi
potently silences promoters and enhancers in the genomic con-
text, providing a revolutionary way to link enhancers to genes
and vice versa.

TAD analysis for Plp1

To define the Plp1 TAD, we first examined public Hi-C data for
five diverse human cell types (IMR90, K562, HMEC, HUVEC and
NHEK) (35). PLP1 is on the plus strand of chromosome X. The
location of the PLP1 promoter is indicated by thin crossing lines
in Figure 2. In each panel of Figure 2, the diagonal represents the
genome. Off the diagonal, the interaction strength between two
loci is indicated by color. Red means the strongest interaction,
and white no measurable interaction. The Hi-C data reveal that
the PLP1 promoter is found in a densely self-associating region
that spans 150 Kb (100 Kb upstream and 50 Kb downstream of
PLP1). This TAD organization is conserved for the five cell types.
Recently, a Hi-C dataset for human OLs was published (37),
allowing us to test the validity of the PLP1 TAD that was inferred
from non-OL Hi-C data. The OL Hi-C data indicate that the PLP1
promoter interacts with the same 150 Kb region in OLs (marked
by a blue box in the bottom middle panel of Fig. 2). To check
whether the PLP1 TAD is conserved in mouse, we examined
the Hi-C data for CH12-LX (B cell lymphoma cells) (35). As in
human, Plp1 is on the plus strand in the mouse genome. The
CH12-LX Hi-C data reveals that the Plp1 promoter is found in
a densely self-associating region of 95 Kb (75 Kb upstream and
20 Kb downstream of Plp1, marked in blue in the bottom right
panel of Fig. 2). Given the smaller size of the mouse genome, this
is an almost perfect conservation, highlighting the evolutionary
conservation of the PLP1 TAD. Taken together, both OL and non-
OL Hi-C data suggest that OL enhancers for PLP1 and Plp1 would
be found in the 150 and 95 Kb regions, respectively.

Identification of two promoter–distal Plp1 enhancer
candidates

We compared our genome-wide map of putative OL enhancers
(32) with the Plp1 TAD, finding five putative OL enhancers in it.
Since these five putative OL enhancers are in the same TAD as
Plp1, they are qualified to be Plp1 enhancer candidates (EC1, 2,
3, 4 and 5 in Fig. 3A). The five ECs were ranked based on the
strength of the underlying data: EC1 being the best enhancer
candidate, EC2 the second best and so on. Of note, our criteria
for calling putative OL enhancers were quite lenient. Thus, these
five ECs may not work as OL enhancers, and even if they do, they
may not regulate Plp1 expression. This is why we have to inter-
rogate them with CRISPRi and other methods. The Wight and
Peterson laboratories have extensively characterized conserved
sequence segments in the vicinity of Plp1 in an effort to find
OL enhancers for Plp1 (25–29). Their work led to the discovery
of several enhancers around Plp1, including pk211, wmN1 and
wmN2. Of these, wmN1 exhibited OL-specific enhancer activity
(28,29). Due to its location in Plp1 (Fig. 3A), wmN1 has been
assumed to regulate Plp1 expression in OLs. Of the five Plp1
ECs, EC4 corresponds to wmN1. EC3 is next to the 3′ untrans-
lated region (UTR) of Plp1 and corresponds to pk211 (Fig. 3A)
(28). EC5, which is in the Plp1 locus, maps to wmN2 (Fig. 3A)
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Figure 2. TAD analysis for Plp1. The public Hi-C data for seven diverse cell types from human and mouse. On the diagonal is the genome. Off the diagonal, the interaction

strength between two loci is indicated by color. White means no interaction, and red the strongest interaction. The PLP1/Plp1 promoter locations are marked by thin

crossing lines. The PLP1 TAD is marked by a blue box for OLs (bottom middle panel). The corresponding TAD for Plp1 is marked for CH12-LX (bottom right panel). IMR90,

lung fibroblast; K562, chronic myelogenous leukemia cell; HMEC, human mammary epithelial cell; HUVEC, human umbilical vein endothelial cell; NHEK, normal human

epidermal keratinocyte; CH12-LX, murine CH12 B cell lymphoma cell (please see Materials and Methods for the sources of these data). These figures were generated

by Juicebox (85,86) and HiGlass (87).

(28). Since our goal was to identify novel promoter–distal OL
enhancers for Plp1, we focused on EC1 and 2, which happen to
be the best two ECs. EC1 and EC2 are located at 66 and 73 Kb
upstream of Plp1, respectively. Little is known about their role
in Plp1 expression. As shown in Figure 3B, H3K27ac (histone 3
lysine 27 acetylation) peak-valley-peak patterns decorate EC1
and EC2 in differentiating OLs, whereas no H3K4me3 (histone
3 lysine 4 trimethylation) is observed for them. These are typ-
ical epigenetic features associated with active enhancers (43).

Consistently, neither H3K27me3 (histone 3 lysine 27 trimethyla-
tion) nor H3K9me3 (histone 3 lysine 9 trimethylation) is observed
for them, which are repressive histone marks. ChIP-seq data
show that EC1 and EC2 are bound by Tcf7l2, Sox10, Olig2 and
Myrf in OLs (Fig. 3B). Especially, they are bound by Sox10 in the
rat spinal cord, indicative of their in vivo enhancer activity. The
phastCons track (conservation in Fig. 3B) shows that EC1 and
EC2 are evolutionarily conserved, suggesting that they may be
important enhancers.
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Figure 3. Five Plp1 ECs. (A) The locations of the five Plp1 ECs are shown. (B) Rat OL ChIP-seq data for EC1 and EC2. OPC, OL precursor cell; iOL, immature OL; mOL,

mature OL; SC, spinal cord. For the Myrf ChIP-seq data, only peak locations are shown because the raw data is not available. The mouse Zfp24 and Klf6 ChIP-seq data

were mapped to the rat genome by LiftOver. OL# and OL∗: OLs treated with vehicle and lysophosphatidylcholine, respectively. Please see Materials and Methods for the

sources of these data.

CRISPRi analysis of EC1 and EC2

CRISPRi is a state-of-the-art technique that can silence promot-
ers and enhancers in the genomic context (38–42). In CRISPRi,
dCas9–Krüppel-associated box (KRAB), a fusion protein between
a nuclease-null Cas9 (dCas9) and a KRAB domain, is targeted
to a specific locus by guide RNAs (gRNAs). When targeted to
a promoter, dCas9–KRAB silences it by inducing H3K9me3 (40).
When targeted to an enhancer, dCas9–KRAB silences it by the
same mechanism, which in turn downregulates its target genes.
This is how one can map promoter–distal enhancers to target
genes by CRISPRi.

To silence EC1 and EC2, dCas9–KRAB was delivered to them
by four independent gRNAs (G1–4) in Oli-neu cells, a widely used

OL cell line (44). Specifically, gRNAs were cloned into an in-
house piggyBac-based plasmid and inserted into the genome
of an in-house Oli-neu cell line that expresses dCas9–KRAB in
a doxycycline-dependent manner. In the resulting cell lines,
gRNAs are expressed constitutively, whereas the expression of
dCas9–KRAB is induced by doxycycline. As negative controls, two
Oli-neu cell lines were generated where Scr1 and Scr2, two non-
targeting scrambled gRNAs, were inserted into the genome. To
determine whether silencing both EC1 and EC2 leads to a greater
knockdown of Plp1, two Oli-neu cell lines were also generated
where dCas9–KRAB is simultaneously targeted to EC1 and EC2
by two different sets of gRNAs. To interrogate EC1 and EC2 in a
condition where endogenous Plp1 is expressed, the Oli-neu cell
lines were cultured in the differentiation condition for 2 days
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in the presence of doxycycline. RNA was extracted from the
12 cell lines, and reverse transcription followed by quantitative
polymerase chain reaction (RT-qPCR) performed to determine
Plp1 expression. As expected, the expression level of Plp1 was
comparable between Scr1 and Scr2 (Fig. 4A). In contrast, when
dCas9–KRAB was delivered to EC1 or EC2 by any of the four
gRNAs, Plp1 expression went down by 47–62% compared with
Scr1 (Fig. 4A). Silencing both EC1 and EC2 by either EC1-G1 and
EC2-G3 or EC1-G3 and EC2-G4 suppressed Plp1 expression to a
greater extent (Fig. 4B). These results indicate that both EC1 and
EC2 are required for Plp1 expression in Oli-neu cells.

To check whether EC1 and EC2 also govern Plp1 expression
in primary OLs, we repeated the CRISPRi experiment with
mouse oligodendrocyte precursor cells (OPCs) purified by
immunopanning (45,46). Transfection efficiency for mouse OPCs
is neither high enough for RT-qPCR, nor is it possible to generate
stable cell lines with them. Thus, we had to resort to quantitative
immunofluorescence where individual cells are analyzed and
thus high transfection efficiency is not needed. A plasmid
expressing dCas9–KRAB and tdTomato was transfected into
mouse OPCs, together with gRNA plasmids. Transfected OPCs
were cultured in the differentiation condition for 2 days to
induce differentiation. They were then stained for Plp1 and
tdTomato (identifying transfected cells). As above, Scr1 was
used for a control experiment. For an objective image analysis,
the signal from each fluorescence channel (Hoechst, Plp1 and
tdTomato) was quantified for individual OLs by CellProfiler (47).
This quantitative single-cell image analysis revealed that while
tdTomato signals were comparable across the seven samples,
Plp1 signals were much lower when dCas9–KRAB was targeted to
EC1 or EC2 (Fig. 4C). As for the Oli-neu RT-qPCR results, silencing
both EC1 and EC2 had a greater effect on the Plp1 level compared
with silencing EC1 or EC2 alone (Fig. 4C). Taken together, we
conclude that EC1 and EC2 promote Plp1 expression in OLs.

EC1 and EC2 are dedicated to Plp1

It is not uncommon that a single enhancer controls multiple
genes (41,42). Thus, EC1 and EC2 may also regulate other genes in
the same TAD. Two genes are found in the EC1 and EC2 TAD, apart
from Plp1: Morf4l2 and Glra4. Of these, Glra4 is not expressed
in OLs according to the Brain RNA-seq database (Fig. 5A) (48).
Apparently, EC1 and EC2 do not activate Glra4 expression in OLs.
Morf4l2 is a ubiquitously expressed gene according to the Brain
RNA-seq database (Fig. 5A) and the Genotype-tissue expression
(GTEx) project (49). To determine whether EC1 and EC2 govern
Morf4l2 expression in OL lineage cells, the Oli-neu RNA samples
of Figure 4A were reanalyzed for Morf4l2 by RT-qPCR. CRISPRi
silencing of EC1 and EC2 had no effect on the expression of
Morf4l2 (Fig. 5B). Simultaneous knockdown of EC1 and EC2 did
not affect it, either. These observations indicate that even though
EC1 and EC2 are much closer to Glra4 and Morf4l2 than to Plp1
(Fig. 3A), they are specific to Plp1.

EC1 and EC2 are OL-specific enhancers

The epigenetic features (Fig. 3B) and the CRISPRi results (Fig. 4)
strongly suggest that EC1 and EC2 work as enhancers in OL
lineage cells. Furthermore, in light of their role in the activa-
tion of Plp1 expression in differentiating OLs, their enhancer
activity may be stage specific. To address these, we performed
a luciferase assay. EC1 and EC2 were cloned into pGL3-promoter
and transfected into mouse OPCs. Rffl, an OL enhancer that is
specifically active in differentiating OLs (50,51), was included as

a control. pGL3-promoter (empty vector) was used to estimate
baselines. Transfected OPCs were split into two. One set was
cultured in the differentiation condition for 2 days to induce
differentiation into OLs. The other set was kept in the prolif-
eration condition for 2 days. As expected, the reporter activity
of Rffl was significantly higher in the differentiation condition
than in the proliferation condition (Fig. 6A). Post hoc analysis
revealed that while there was no difference in the reporter activ-
ity between Rffl and pGL3-promoter in the proliferation con-
dition, there was a significant difference in the differentiation
condition (Fig. 6A). These results validate our culture conditions,
allowing us to test the stage-specific enhancer activity of EC1
and EC2. EC1 exhibited strong enhancer activity regardless of
the culture condition (Fig. 6A). In contrast, the enhancer activity
of EC2 was significantly higher in the differentiation condition
than in the proliferation condition (Fig. 6A). Indeed, post hoc anal-
ysis showed that the reporter activity of EC2 was not different
from that of pGL3-promoter in the proliferation condition. Thus,
the enhancer activity of EC2 was specific to the differentiation
condition, mirroring the pattern observed for Rffl.

Having validated the OL enhancer activity of EC1 and EC2,
we analyzed public datasets to further elucidate their properties.
First, we examined the mouse single-cell ATAC-seq data from
Shendure et al. (52). By using a single-cell ATAC-seq method,
they determined chromatin accessibility for 13 different mouse
tissues at the single-cell level. The resulting data were clustered
into 27 broadly defined cell types. Strikingly, it reveals that EC1
and EC2 are accessible only in OLs (Fig. 6B), suggesting that EC1
and EC2 are OL-specific enhancers. Second, we looked up the
H3K27ac ChIP-seq data from the NIH Roadmap Epigenomics
Project (53). Consistent with the mouse single-cell ATAC-seq
data, EC1 and EC2 are covered by broad H3K27ac peaks only in
the brain tissues (Fig. 6C). Third, we examined the human brain
cell type-specific ChIP-seq and ATAC-seq data from Glass et al.
(54). EC1 and EC2 are marked by OL-specific ATAC-seq peaks
that squarely overlap with OL-specific H3K27ac peak-valley-
peaks (Fig. 6D). Consistent with their enhancer identity, no peak
is observed for them in the H3K4me3 ChIP-seq data. Taken
together, these data indicate that EC1 and EC2 are OL-specific
enhancers that are conserved among human, mouse and rat.
Since we have demonstrated that EC1 and EC2 are OL-specific
enhancers that are dedicated to Plp1, they will henceforth be
referred to as Plp1-E1 and Plp1-E2, respectively.

Plp1-E1 and Plp1-E2 physically interact with the PLP1
promoter

As mentioned above, the internal detail of a TAD reflects cell
type-specific gene–enhancer interactions, differing between cell
types. For this reason, non-OL Hi-C data cannot inform us about
OL-specific gene–enhancer interactions. The OL Hi-C data fills
this gap (37). Since Plp1-E1 and Plp1-E2 regulate Plp1 expression,
we reasoned that the OL Hi-C data may disclose OL-specific
physical interactions between Plp1-E1/2 and the PLP1 promoter.
Indeed, it reveals strong physical interactions between them
(Fig. 7A). To gauge the genome-wide significance of these phys-
ical interactions, all pairs of loci that are equidistant apart were
examined. The interaction strength between Plp1-E1 and the
PLP1 promoter, which are 72–Kb apart, is 0.0041 (see Materials
and Methods). There are 1 011 512 pairs of loci that are equidis-
tant apart in the OL Hi-C data. Of these, 1607 pairs physically
interact, and five of them exhibit greater interaction strengths
(Fig. 7B). So, the interaction of Plp1-E1 with PLP1 is the sixth
strongest in OLs (P-value <5.94 × 10−6). The interaction between
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Figure 4. CRISPRi interrogation of Plp1 EC1 and EC2. (A) RT-qPCR analysis of Plp1 expression in Oli-neu cells after CRISPRi knockdown of EC1 and EC2. Shown are

data points and their mean and standard error. ∗P <8.16 × 10−4 by Student’s t-test with Bonferroni correction. (B) RT-qPCR analysis of Plp1 expression in Oli-neu cells

after CRISPRi knockdown of EC1 and EC2. Shown are data points and their mean and standard error. ∗P <1.73 × 10−2 by Student’s t-test with Bonferroni correction. (C)

Quantitative immunofluorescence of Plp1 expression in mouse OLs after CRISPRi knockdown of EC1 and EC2. Left: Sample images. Scale bar, 50 μm. Right: The signal

from each fluorescence channel was quantified for individual cells by CellProfiler. The number of cells analyzed is as follows: Scr1 (603), EC1-G1 (531), EC1-G3 (291),

EC2-G3 (380), EC2-G4 (345), EC1 and 2-G1 and 3 (237) and EC1 and 2-G3 and 4 (194). ∗P <1.64 × 10−2 by Student’s t-test with Bonferroni correction. AU: arbitrary unit.

Plp1-E2 and the PLP1 promoter is more remarkable. It is the
second strongest among the 1 011 428 pairs of loci that are 83 Kb
apart (P-value <1.98 × 10−6). Clearly, the physical interactions of
Plp1-E1/2 with PLP1 are highly significant from the genome-wide
perspective.

To assess the cell type specificity of these interactions, we
analyzed non-OL Hi-C data in the same manner. However,
accurate statistical analysis was difficult because many Hi-
C data are extremely sparse, as can be seen in Figure 7B.
Nonetheless, the available data support that the interactions
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Figure 5. Two other genes in the EC1 and EC2 TAD. (A) Expression profiles of Glra4 and Morf4l2 in brain cell types. Data were taken from the Brain RNA-seq database.

(B) RT-qPCR analysis of Morf4l2 expression in Oli-neu cells after CRISPRi knockdown of EC1 and EC2. Shown are data points and their mean and standard error. AS:

astrocyte, iOL: immature OL, mOL: mature OL, MG: microglia, Endo: endothelial cell.

between Plp1-E1/2 and PLP1 are OL specific. For the six
sparse datasets (OPC, astrocyte, microglia, HMEC, HUVEC and
NHEK), Plp1-E1 and Plp1-E2 are not observed to contact the
PLP1 promoter (Fig. 7B). This absence of interaction may well
be because these datasets are sparse. So, we cannot draw
any conclusions from the six datasets. For the K562 and
KBM7 datasets, greater or comparable numbers of non-zero
interactions are detected, yet Plp1-E1 and Plp1-E2 still do not
interact with PLP1 (Fig. 7B), supporting the OL specificity of
these interactions. For the two remaining sets (GM12878 and
IMR90), Plp1-E1 and Plp1-E2 are observed to interact with PLP1
(Fig. 7B). Yet, these interactions are likely due to high background
noises. For Plp1-E1, the fraction of stronger interactions in OLs
is 0.0031 (5/1607). In GM12878 and IMR90, however, that is as
high as 0.28 and 0.70, respectively. For Plp1-E2, the fraction of
stronger interactions in OLs is 0.00081 (1/1243). In GM12878 and
IMR90, that is 0.85 and 0.16, respectively. These suggest that the
interactions between Plp1-E1/2 and PLP1 detected in GM12878
and IMR90 are likely spurious. Taken together, we conclude
that the interactions of Plp1-E1/2 with the PLP1 promoter are
OL specific, at least in comparison with GM12878, IMR90, K562
and KBM7.

Myrf regulates Plp1 expression via Plp1-E1 and Plp1-E2

Having shown that Plp1-E1 and Plp1-E2 govern Plp1, we wanted
to identify transcription factors that act on them to regulate
Plp1 expression. To this end, we surveyed public OL ChIP-seq
data (Fig. 3B). Notably, we found that Myrf, a master regula-
tor of OL development (50,55,56), binds to both Plp1-E1 and
Plp1-E2 (Fig. 3B), leading us to hypothesize that Myrf promotes
Plp1 expression by acting on them because Myrf mainly works
as an activator (57). To test this hypothesis, we performed a
luciferase assay in Oli-neu cells. Plp1-E1 and Plp1-E2 cloned in
pGL3-promoter were transfected into Oli-neu cells, together with
either pcDNA3 (empty vector) or Myrf cloned in pcDNA3. The
reporter activity of Plp1-E1 and Plp1-E2 significantly went up in

response to Myrf (Fig. 8A), supporting our hypothesis. We sought
to map Myrf-binding sites in Plp1-E1 and Plp1-E2. Our previous
study showed that Myrf binds to DNA as a homotrimer and that
a 17 base pair long DNA motif termed the Myrf motif (Fig. 8B)
mediates the sequence-specific DNA binding of Myrf (51). Motif
incidence search with FIMO (58) revealed one good match in
Plp1-E2 (Plp1-E2-WT in Fig. 8B). There was no match in Plp1-E1.
To determine whether the motif incidence mediates the action
of Myrf on Plp1-E2, we mutated it as shown in Figure 8B (Plp1-
E2-MU), generating Plp1-E2-dMyrf, and repeated the luciferase
assay. The mutation significantly dampened the response of
Plp1-E2 to Myrf (Fig. 8A), indicating that Myrf acts on the motif
incidence. However, post hoc analysis revealed that the reporter
activity of Plp1-E2-dMyrf still went up significantly in response
to Myrf (Fig. 8A). This suggests two possibilities. First, there is a
cryptic binding site in Plp1-E2 that does not resemble the Myrf
motif. Second, there is no additional Myrf binding site in Plp1-
E2. In this case, Myrf may activate another activator or repress
another repressor that acts on Plp1-E2, explaining why Plp1-E2-
dMyrf still responds to Myrf despite the absence of an additional
binding site.

To test the physical interaction between Myrf and the motif
incidence of Plp1-E2, we performed a DNA pulldown assay. FLAG-
Myrf (Myrf with an N-terminal FLAG tag) was expressed in
HEK293FT cells, and cell lysate mixed with either bare beads
or beads coated with duplex DNA oligos. The duplex oligo con-
tained either the motif incidence (Plp1-E2-WT in Fig. 8B) or the
mutated one (Plp1-E2-MU in Fig. 8B). As in our previous studies
(51,57,59), we used the motif incidence found in the Rffl locus
and a mutant version of it (Rffl-WT and Rffl-MU in Fig. 8B) as
the positive and negative controls. The mixture was separated
into the sup and bead fractions by centrifuge, and both fractions
were probed by FLAG antibodies. Immunoblotting showed that
Myrf avidly bound beads coated with Rffl-WT, but neither bare
beads nor beads coated with Rffl-MU (Fig. 8C). Under the same
condition, Myrf-bound beads conjugated with Plp1-E2-WT, but
not those coated with Plp1-E2-MU. The sup fraction results show
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Figure 6. OL enhancer activity of EC1 and EC2. (A) Luciferase assay results for EC1 and EC2 that were transfected into mouse OPCs cultured in the proliferation and

differentiation conditions. Shown are data points and their mean and standard error. ∗P <1.12 × 10−4 by Student’s t-test with Bonferroni correction. (B) Mouse single-

cell ATAC-seq data for EC1 and EC2. (C) H3K27ac ChIP-seq data for EC1 and EC2 from the NIH Roadmap Epigenomics Project. The brain tissue results are clustered at

the top. SM: smooth muscle. (D) Human brain cell type-specific ChIP-seq and ATAC-seq data for EC1 and EC2. MG, microglia; OL, oligodendrocyte; AS, astrocyte. Please

see Materials and Methods for the sources of these data.

that comparable amounts of proteins were used for the five
binding reactions (Fig. 8C), ruling out the trivial possibility that
the specific binding of Myrf to Rffl-WT and Plp1-E2-WT is due to
unequal protein amounts used for the binding reactions.

To test the importance of the motif incidence of Plp1-E2 for
the action of endogenous Myrf, we repeated the luciferase assay
in primary OLs. Plp1-E2 and Plp1-E2-dMyrf were transfected into
mouse OPCs. pGL3-promoter (empty vector) was used to esti-
mate baselines. Transfected OPCs were cultured in the differenti-
ation condition for 2 days to induce their differentiation into OLs.
The reporter activity of Plp1-E2-dMyrf was significantly lower
than that of Plp1-E2 (Fig. 8D). In fact, post hoc analysis showed
that the reporter activity of Plp1-E2-dMyrf is not different from
that of pGL3-promoter. These results demonstrate that the motif
incidence is essential for the action of Myrf on Plp1-E2.

To corroborate our conclusion that Myrf promotes Plp1
expression via Plp1-E1 and Plp1-E2, we assessed the effect of
acute Myrf knockout on Plp1 expression. To this end, we crossed
mice harboring a floxed allele of Myrf (MyrfF/+ (55)) with CAG-
CreER mice to generate MyrfF/F; CAG-CreER mice. OPCs were
purified from them by immunopanning and cultured in the
differentiation condition for 2 days to induce differentiation into
OLs. For a control experiment, OPCs were purified from MyrfF/F

littermates and cultured in the same condition in parallel. On
the third day of differentiation, 4-hydroxytamoxifen was added
for 8 h to acutely knockout Myrf in differentiating OLs. RNA was
extracted and analyzed by RT-qPCR. This experimental strategy
kept the initial differentiation process intact and allowed
us to acutely delete Myrf in differentiating OLs, minimizing
secondary effects associated with long-term perturbation.
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Figure 7. Physical interaction between Plp1-E1/2 and PLP1. (A) Hi-C data for human OLs zoomed in on PLP1 and Plp1-E1/2. (B) Comparative analysis of Hi-C data from

diverse cell types. Please see Materials and Methods for the sources of these data.

RT-qPCR analysis showed that Myrf was successfully knocked
out (Fig. 8E), and this was accompanied by a significant drop in
Plp1 expression (Fig. 8E). These observations further support that
Plp1 is a target gene of Myrf. Finally, we examined 14 public OL
gene expression datasets (see Materials and Methods) to assess
the relationship between Myrf and Plp1 expression changes. If
Plp1 is a target gene of Myrf, then changes in Myrf expression
would be correlated with those in Plp1 expression. Indeed,
there is a strong correlation between them (R2 = 0.81, Fig. 8F).
When this correlation analysis was expanded to all of the 1807
transcription factors predicted in the mouse genome, we were
surprised to find that Myrf is the one that exhibits the strongest
correlation with Plp1.

Discussion
Plp1 is the most abundant membrane protein in CNS myelin
(1). Even though it is dispensable for myelin formation (15),
it is essential for the axon-supportive function of myelin
(16–18). This function requires the continuous high-level
expression of Plp1 (24). Equally important is the controlled
expression of Plp1, as illustrated by PMD. More than half of PMD
cases are caused by a duplication of the PLP1 locus that leads
to a 2-fold increase in PLP1 expression (19–21). Lowering PLP1
expression may be a promising approach to curing PMD (22,23).
A thorough understanding of how PLP1 expression is regulated
in OLs would be essential for the development of effective PMD
therapeutics.

To understand Plp1 expression in OLs, one has to identify OL
enhancers that govern Plp1. Before the advent of CRISPRi, it was
almost impossible to map promoter–distal enhancers to genes
in a principled manner. For this reason, most studies focused on
conserved sequence segments in the vicinity of the target gene.
Following this spirit, the Wight and Peterson laboratories have
extensively characterized conserved sequence segments in and

around Plp1, identifying wmN1 (25–29). Since wmN1, located in
the first intron of Plp1, showed an OL-specific enhancer activity,
it has been assumed, but not proved, to control Plp1 expres-
sion. Apart from wmN1, it remained unknown whether there
are any promoter–distal OL enhancers for Plp1. Since genes are
often regulated by promoter–distal enhancers, we have recently
developed an innovative method that rationally maps promoter–
distal enhancers to genes (32). Its power was demonstrated for
Myrf (32) and Rgcc (33). Encouraged by these successes, we have
applied it to Plp1, uncovering Plp1-E1 and Plp1-E2. A notable
aspect of Plp1-E1 and Plp1-E2 is that even though they are
next to Glra4 and Morf4l2, they do not regulate their expression
in Oli-neu cells, suggesting the exquisite specificity of Plp1-E1
and Plp1-E2 to Plp1. Importantly, public genomic data indicate
that Plp1-E1 and Plp1-E2 are OL specific and conserved among
human, mouse and rat. In the future, we plan to investigate the
in vivo role and target specificity of Plp1-E1 and Plp1-E2 by mouse
genetics. Another interesting topic is the epistatic relationship
between Plp1-E1 and Plp1-E2, which may be context dependent.
For example, would both Plp1-E1 and Plp1-E2 be required for Plp1
expression during developmental myelination, myelin mainte-
nance and remyelination? Or would one be enough for a certain
context?

Given the large body of circumstantial evidence implicating
wmN1 in the regulation of Plp1 expression, we wanted to test
it with CRISPRi and compare its potency with that of Plp1-E1
and Plp1-E2. CRISPRi silencing of wmN1 led to a significant
drop in the expression of Plp1 (Supplementary Material, Fig. S1).
However, it is likely a non-specific result because the same was
also observed when dCas9–KRAB was targeted to wmN2 and
two non-enhancer sites in the same intron. These complica-
tions precluded a meaningful CRISPRi analysis of wmN1 and its
comparison with Plp1-E1 and Plp1-E2. It would be interesting to
investigate whether Plp1-E1 and Plp1-E2 collaborate with wmN1
for Plp1 expression regulation by other means in the future.
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Figure 8. Myrf acts on Plp1-E1/2 to upregulate Plp1 expression. (A) Luciferase assay results showing the response of Plp1-E1/2 and Plp1-E2-dMyrf to Myrf in Oli-neu

cells. Shown are data points and their mean and standard error. ∗P < 1.28 × 10−2 by Student’s t-test with Bonferroni correction. (B) The Myrf motif that mediates

the sequence-specific DNA binding of Myrf. Also shown are the sequences of DNA oligos used for the DNA pulldown assay of (C). (C) DNA pulldown assay results.

IB: immunoblotting. (D) Luciferase assay results for Plp1-E2 and Plp1-E2-dMyrf that were transfected into mouse OPCs cultured in the differentiation condition for

2 days. Shown are data points and their mean and standard error. ∗P <7.07 × 10−6 by Student’s t-test with Bonferroni correction. (E) RT-qPCR analysis of Myrf and Plp1

expression in mouse OLs upon acute Myrf knockout. Shown are data points and their mean and standard error. ∗P <4.52 × 10−2 by Student’s t-test with Bonferroni

correction. aKO: acute knockout. (F) Correlation analysis of Myrf and Plp1 expression changes across 14 public OL gene expression datasets. Please see Materials and

Methods for the sources of these data.

The expression of a gene is regulated by positive and negative
upstream regulators acting on the gene’s enhancers. Hence, one
can find upstream regulators of a gene by identifying tran-
scription factors that act on its enhancers. Following this logic,
we identified Myrf as a positive upstream regulator of Plp1.
The 14 public OL gene expression datasets reveal a striking
correlation in the expression of Myrf and Plp1. Intrigued by this
finding, we expanded the correlation analysis to the entire set
of 1807 transcription factors predicted in the mouse genome.

Remarkably, Myrf is the one that exhibits the strongest corre-
lation with Plp1, reinforcing our conclusion that Plp1 is a target
gene of Myrf. This correlation analysis also uncovered several
transcription factors that are likely upstream regulators of Plp1.
Among them are Tcf7l2 and Smad7. The ChIP-seq data (Fig. 3B)
show that Tcf7l2 binds to Plp1-E1 in differentiating OLs (60),
supporting that Tcf7l2 is an upstream regulator of Plp1. Consis-
tently, the conditional knockout of Tcf7l2 was associated with a
significant decrease in the expression of Plp1 (60,61). Regarding
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Smad7, a previous study indicated that it promotes OL differ-
entiation by antagonizing the bone morphogenetic protein and
Wnt/β-catenin signaling pathways (62). In light of the strong
expression correlation between Smad7 and Plp1, Smad7 may also
activate Plp1 expression for OL differentiation. To systematically
find transcription factors that regulate Plp1 expression, we plan
to perform a CRISPRi screen where each transcription factor is
knocked down by CRISPRi and its effect on the enhancer activity
of Plp1-E1 and Plp1-E2 is assessed by a luciferase assay. Since a
fine balance between positive and negative upstream regulators
would determine the final expression level of PLP1, identifying
both types of regulators would be important and informative.
Equally crucial would be the mapping of their binding sites in
Plp1-E1 and Plp1-E2. For example, mutations of the binding site
for a negative upstream regulator are likely to increase PLP1
expression, providing a rational explanation for those PMD cases
where PLP1 expression goes up without a duplication of the PLP1
locus.

Materials and Methods
Constructs

A Myrf cDNA that encodes the 1139 amino acid long isoform
was kindly provided by Dr Ben Emery. It was cloned into
pcDNA3 with an N-terminal FLAG tag. To generate luciferase
assay constructs, EC1 (mm10 chrX:136755392-136755991) and
EC2 (mm10 chrX:136749215-136749814) were cloned into pGL3-
promoter (Promega). Rffl was generated by cloning an Myrf ChIP-
seq peak (rn4 chr10:70168592-70169175) into pGL3-promoter
(50). For epigenome editing, dCas9–KRAB was amplified from
pHAGE EF1α dCas9–KRAB (Addgene 50919) by PCR and inserted,
together with an internal ribosome entry site-tdTomato cassette,
into pCAG-Cre (Addgene 13775) after the Cre portion was
removed. This construct, which is called ‘dCas9-KI’, was used
for quantitative immunofluorescence. To generate an in-house
Oli-neu cell line that expresses dCas9–KRAB in a doxycycline-
dependent manner, pAAVS1-NDi-CRISPRi (Addgene 73497) was
modified as follows. First, an RB (RFP and blasticidin resistance)
cassette was fused to the rtTA via P2A. Second, the ITRs
recognized by SB100X (Addgene 34879) were inserted. This
construct and SB100X were transfected into Oli-neu cells (44).
Cells where it was inserted into the genome were selected
by blasticidin, and this selection process was followed by RFP.
To generate gRNA constructs, the EF-1α promoter of pSBbi-
RN (Addgene 60519) was replaced by the sgRNA scaffold
taken from lentiCRISPR v2 (Addgene 52961), and gRNAs were
cloned into it. These constructs were used for quantitative
immunofluorescence. To generate gRNA constructs that can
be inserted into the genome, the content of PB-CA (Addgene
20960) was replaced by the sgRNA scaffold, and a GP (GFP and
puromycin resistance) cassette was inserted. This construct was
called ‘PB-GP-U6’. gRNAs cloned into PB-GP-U6 and hypBase (63)
were transfected into the Oli-neu cell line, and genomic insertion
was selected by puromycin. Site-specific mutagenesis was
performed by a PCR-based method, and sequence information
for all constructs was verified by Sanger sequencing. The gRNA
sequences are as follows.

Scr1: GCACTACCAGAGCTAACTCA
Scr2: TGCGAATACGCCCACGCGAT
EC1-G1: CTCATCGATTGGCACTACCT
EC1-G2: GTTACAGATCTTGTCCAGAT
EC1-G3: GCAATAAACCCTGTCCAACT
EC1-G4: CTGACACCCCAGCTCCATCA

EC2-G1: AAACAATAGAAGGTAGAATG
EC2-G2: AATTGATGTTTGCTCGAGAG
EC2-G3: CTCAGAGACTTACACCAGCC
EC2-G4: TTACAGCTGGGAGCCTGATG

Animal procedures, tissue harvest and cell culture

Animal husbandry was carried out in accordance with Insti-
tutional Animal Care and Use Committee-approved protocols.
Mice with a floxed allele of Myrf (MyrfF/+ (55)) were purchased
from Jax (010607). CAG-CreER mice were also purchased from
Jax (004682). OPCs were purified from mouse pups of P7-9 by
immunopanning that combines BSL1, O1 and O4 (45,46). Primary
OPCs and Oli-neu cells were kept in a proliferative condition
by supplementing the Sato media (46) with PDGF (10 μg/ml),
NT3 (1 μg/ml) and CNTF (10 μg/ml). Primary OPCs and Oli-
neu cells were maintained in a humidified 8% CO2 incubator
at 37◦C. HEK293FT cells were cultured in Dulbecco’s-modified
Eagle’s medium supplemented with 10% fetal bovine serum and
maintained in a humidified 5% CO2 incubator at 37◦C. Tran-
sient transfection for OPCs, Oli-neu and HEK293FT cells was
performed using Lipofectamine 2000 as per the manufacturer’s
instructions.

RT-qPCR

Total RNA was purified by using Trizol (ThermoFisher 15596026),
and cDNA synthesized by the SuperScript First-Strand kit (Invit-
rogen 11904-018). Quantitative PCR was performed on C1000
Touch thermal cycler with CFX384 optical reaction module (Bio-
rad). Gapdh was used for a loading control. Each PCR reaction
contained 2 μl of cDNA, 5 μl of the iTaq Universal SYBR Green
Supermix (Bio-rad 1725124) and 500 nM of forward and reverse
primers. The primer sequences are as follows.

Gapdh (forward): GGT GAA GGT CGG TGT GAA CGG
Gapdh (reverse): CTG GAA CAT GTA GAC CAT GTA GTT GAG G
Plp1 (forward): GCC AGA ATG TAT GGT GTT CTC CCA TG
Plp1 (reverse): GGT GGA AGG TCA TTT GGA ACT CAG C
Morf4l2 (forward): GGA ATC CTT GGA AGG GAA AGA AGG
Morf4l2 (reverse): GTT GTC CAC GAG TTT GAG AAG CC

Immunofluorescence

Cells were fixed with 4% formaldehyde and permeabilized
with 0.1% Triton X-100. Upon blocking with 1% BSA, they were
incubated with primary antibodies diluted in blocking buffer
at 4◦C overnight, followed by incubation with fluorochrome-
conjugated secondary antibodies. Nuclei were stained with
Hoechst 33342 (Invitrogen). Fluorescence was visualized with
Leica DMi8 microscope with ORCA-Flash4.0 sCMOS camera.
Reagents used for immunofluorescence are as follows: Plp1

(AA3), RFP (Rockland 600-401-379), donkey anti-rat, Alexa Fluor
®

488 conjugate (ThermoFisher A-21208), and goat anti-rabbit,

Alexa Fluor
®

594 conjugate (ThermoFisher A-11037).

Luciferase assay

Luciferase assays were performed by using the Promega dual
luciferase reporter assay kit as per the manufacturer’s instruc-
tions. pRL-TK was used as an internal control. The ratio between
Firefly and Renilla luciferase activities was taken as the reporter
activity.
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DNA pulldown assay

HEK293FT cells were transfected with FLAG-Myrf. Cell lysate
was cleared by centrifugation at 15 000 g for 20 min at 4◦C.
Biotinylated duplex oligonucleotides were conjugated to Dyn-
abeads (Invitrogen) in buffer A (5 mM Tris pH 8.0, 0.5 mM EDTA,
1 M NaCl). Oligonucleotide-conjugated beads were washed twice
with 500 μl of buffer A and three times with buffer C (20 mM
Tris pH 8.0, 1 mM EDTA, 10% glycerol, 1 mM DTT, 50 mM NaCl). A
total of 300 μg of cell lysate were incubated with oligonucleotide-
conjugated beads in buffer C and sheared salmon sperm DNA
(final concentration 0.2 mg/ml) for 20 min at room temperature
with rotation. The mixture was spun down to separate into
the bead and sup fractions. The bead fraction was washed five
times with 500 μl buffer C, and both fractions were analyzed

by immunoblotting with monoclonal ANTI-FLAG
®

M2 antibody
(Sigma F1804, 1:1000).

OL ChIP-seq data

OL ChIP-seq data were downloaded from the Sequence Read
Archive (SRA, https://www.ncbi.nlm.nih.gov/sra): GSE42454
(H3K9me3, Brg1, Olig2, H3K27ac, H3K4me3) (64), GSE72727 (Chd7,
Sox10) (65), GSE119816 (Seh1) (66), GSE76411 (Hdac3, p300) (67),
GSE82165 (Suz12) (68), GSE65119 (Tcf7l2) (60), GSE84011 (Olig2,
H3K27ac) (69), GSE64703 (Sox10) (70), GSE107919 (Chd7, Chd8)
(71), GSE101535 (Zfp24) (72), GSE79243 (Klf6) (73). The Myrf
ChIP-seq data were downloaded from the journal website (50).
H3K27me3 and H3K9me3 data were kindly provided by Dr
Patrizia Casaccia (74). ChIP-seq reads were mapped to rn4 by
Bowtie (75), and peaks called by MACS2 (76).

Public genomic data

Mouse single-cell ATAC-seq data (52) were downloaded from
the Shendure laboratory website (https://atlas.brotmanbaty.o
rg). Roadmap Epigenomics Project data (53) were visualized by
the WASHU Epigenome Browser. Human brain cell type-specific
ATAC-seq and ChIP-seq data (54) are available at https://ge
nome.ucsc.edu/s/nottalexi/glassLab_BrainCellTypes_hg19. The
following Hi-C data (35) were downloaded from 4DN Web Portal
(https://4dnucleome.org): GM12878, HMEC, HUVEC, IMR90, K562,
KBM7 and NHEK. The following Hi-C data (37) were downloaded
from a public box directory at https://github.com/dixonlab/scm3
C-seq: OL, OPC, astrocyte and microglia.

Hi-C data analysis

Cool files were analyzed by an in-house Python script that
uses the cooler library (77). To compute the interaction strength
between two loci, each locus was defined as a 6 Kb long segment.
Then, the submatrix for the two loci was extracted, and its
median value was taken as the interaction strength.

OL gene expression data

OL gene expression data were downloaded from SRA: GSE40510
(62), GSE19403 (78), GSE94067 (79), GSE130628 (80), GSE82210
(68), GSE74893 (81), GSE15303 (55), GSE135880 (82), GSE80439 (83),
GSE124243 (84), GSE76410 (67), GSE42443 (64), GSE65118 (60) and
GSE72726 (65). Each of these datasets has control and experimen-
tal groups, allowing us to compute the expression fold changes
of Myrf and Plp1 between the two groups.

Supplementary Material
Supplementary Material is available at HMG online.
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