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1. Pcdh17it specifically marks newly born immature oligodendrocytes (OLs)
2. Pcdh17it is an effective tool for studying OL dynamics in situ
3. Pcdh17it helps subdivide immature OLs into two distinct developmental stages, “small

spidery” and “large spidery”
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Abstract

OL precursor cells (OPs) proliferate and differentiate into oligodendrocytes (OLs) during
postnatal development and into adulthood in the central nervous system (CNS). Following
the initiation of differentiation, OPs give rise to immature, pre-myelinating OLs, which
undergo further differentiation and mature into myelin-forming OLs. We identified an
immature OL-specific long non-coding RNA, named Pcdh17it. Through co-localization
analysis and morphological characterization of OLs, we found that Pcdh17it is a specific
marker for newly born immature OLs in the developing and adult forebrain of mice, and we
used this new marker to analyze OL generation over the lifespan of mice. Pcdh17itis an
effective tool for monitoring newly born OLs in adult brain, allowing detailed study of the

dynamics of differentiation of OPs into OLs in the normal and pathological CNS.
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Introduction

In the mammalian central nervous system (CNS), the majority of oligodendrocytes (OLs) are
generated from OL precursors (OPs) in the early postnatal period, e.g. in the first ~6 weeks
of age in mice (Psachoulia, Jamen, Young, & Richardson, 2009; Young et al., 2013). A
large population of OPs (about 5% of all neural cells) persists in the adult mouse CNS and
OPs continue to proliferate and differentiate into mature OLs, at a steadily reducing rate,
throughout adult life (Psachoulia et al., 2009; Richardson, Young, Tripathi, & McKenzie,
2011). Although the function of adult-born OLs is still unclear, recent data from different
laboratories suggest that they might contribute to neural plasticity by myelinating previously
unmyelinated axons, thereby changing or stabilizing neural circuit function (Makinodan,
Rosen, lto, & Corfas, 2012; Mangin, Li, Scafidi, & Gallo, 2012; McKenzie et al., 2014;
Scholz, Klein, Behrens, & Johansen-Berg, 2009; Xiao et al., 2016).

Between OPs and mature OLs, there exists an intermediate stage(s) of “pre-myelinating”
OLs (i.e. newly forming or immature OLs, imOLs), in which the OP marker platelet derived
growth factor receptor-alpha (Pdgfra) is turned off and mRNAs encoding myelin structural
proteins such as myelin basic protein (Mbp) and myelin OL glycoprotein (Mog) start to be
expressed (Zhang et al., 2014). Myelin proteins and their mMRNAs continue to be expressed
throughout the life of OLs, so that pre-myelinating imOLs are difficult or impossible to
distinguish from myelinating OLs on the basis of myelin gene expression alone. So far,
several markers including O4 antigen (Kuhimann-Krieg et al., 1988), inositol 1,4,5-
trisphosphate receptor type 2 (Itpr2; Marques et al., 2016), ectonucleotide pyrophosphatase
/phosphodiesterase 6 (Enpp6; Xiao et al., 2016), breast carcinoma amplified sequence 1
(Bcas1; Fard et al., 2017) have been used to label imOLs, but each marker has its
limitations. O4 antigen-labelling is mainly used in vitro and Itpr2 labels astrocytes as well as
immature OLs, while Enpp6 and Bcas1 continue to be expressed in mature OLs. Therefore,
to streamline research into OL developmental dynamics in vivo it is important to discover
new gene products that can distinguish pre-myelinating imOLs from both myelinating OLs
and OPs in tissue sections. In recent years, high-throughput technologies such as
transcriptome profiling, single-cell sequencing and proteomics have helped build informative
databases covering OL lineage cells (Cahoy et al., 2008; Zhang et al., 2014; Sharma et al.,
2015; Marques et al., 2016; Marques et al., 2018;). Here, tapping into available data, we
identify an OL lineage-specific long non-coding RNA (IncRNA; Zhang et al., 2014) that is
down-regulated in myelinating OLs and provide evidence that this INncRNA (named Pcdh17it)
is a specific marker for immature, pre-myelinating imOLs. This IncRNA has previously been
named 9630013A20Rik (Zeisel et al., 2015), IncOL1 (He et al., 2017) and Pcdh17it

(Marques et al., 2017), and we adopt the name Pcdh17it in accord with the guidelines of the
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HUGO Gene Nomenclature Committee (Wright, 2014). In addition, we show that Pcdh17it
expressing cells in adult mouse brain are newly generated cells and, with the help of this

new marker, we demonstrate OL generation over the lifespan in mouse forebrain.

John Wileys& Sons, Inc.



GLIA Page 6 of 37

Results

Pcdh17it expression in immature OLs in postnatal developing forebrain

In our search for genes expressed specifically in imOLs, we analyzed an RNA-seq database
of mouse brain cells (Zhang et al., 2014) and found that expression of IncRNA
9630013A20Rik (called Pcdh17it) is at high levels in newly formed OLs (NFOLs) but at much
lower levels in myelinating OLs and OPs (Fig. 1A). Furthermore, Pcdh17it expression is
absent from astrocytes, neurons, microglia and endothelial cells. Therefore, Pcdh17it

appeared to be a promising candidate marker for imOLs.

We first examined Pcdh17it expression in mouse forebrain by RNA in situ hybridization (ISH)
at postnatal day 14 (P14) and found that Pcdh17it was expressed in the nucleus and/or
cytoplasm of certain cells (Fig. 1B-D). We next analyzed cellular co-localization of Pcdh17it
with OL lineage- and stage-specific markers in mouse forebrain. In both subcortical white
matter and cerebral cortex, almost all Pcdh17it" cells co-expressed Sox10 and Olig2 (Fig.
1E, F and Fig. S1A, B), two well-known OL lineage-specific transcription factors (Kuhlbrodt,
Herbarth, Sock, Hermans-Borgmeyer, & Wegner, 1998; Lu et al., 2000; Zhou, Wang, &
Anderson, 2000), indicating that Pcdh17it specifically marks OL lineage cells. At the same
time, only a small minority of Pcdh17it* cells expressed Pdgfra mRNA, a marker of OPs
(Pringle, Mudhar, Collarini, & Richardson, 1992) (Fig. 1G and Fig. S1C), suggesting that the
great majority of Pcdh17it" cells are not OPs. CC1 is an antibody against adenomatous
polyposis coli (Apc), often used for labelling the cell bodies of differentiated OLs (Bhat et al.,
1996; Xiao et al., 2016). Approximately 60% of Pcdh17it* cells were CC1* (Fig. 1H and Fig.
S$1D) and about 65% of Pcdh17it" cells co-expressed Mbp mRNA (Fig. 11), a marker of
immature and mature OLs (Xiao et al., 2016). Taken together, these data reveal Pcdh17it
expression in OL lineage cells in P14 developing mouse brain and suggest that most
Pcdh17it-expressing cells are at a transitional stage between Pdgfra* OPs and CC1* or
Mbp* differentiated OLs.

Given that Olig2 is essential to OL development (Lu et al., 2002; Zhou & Anderson, 2002), to
further verify the identity of Pcdh17it cells, we examined Pcdh17it expression in the
forebrain of P14 Sox10-Cre: Olig2°xP/oxP mice (cKO) with Sox70-Cre:Olig2°?* mice as
controls (Ctrl). We found that the substantial loss of Olig2* cells in cKO mice compared to
controls [cKO vs Ctrl: 261.60 + 36.72 vs 4017.00 + 49.71 cells/mm? (mean + SEM), p<0.001,
5 animals per group] was mirrored by a significant drop in the number of Pcdh17it* cells
(cKO vs Ctrl: 43.33 + 2.27 vs 181.40 + 4.29 cells/mm?, p<0.001; Fig. S1E, F). In addition,

we observed minimal or no co-expression of Pcdh17it with markers for neurons (NeuN;
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Fig. S2A, B), astrocytes [fibroblast growth factor receptor 3 (Fgfr3) and glial fibrillary acidic
protein (Gfap); Fig. S2C, D] or neural stem cells (Gfap and Ki67; Fig. S2D, E). Taken

together, these data are in favour of Pcdh17it as a specific marker of imOLs.

Combining Pcdh17it expression with morphological characterization of OLs

It has been suggested that morphological characterization of cells expressing Mbp or myelin
proteolipid protein (Plp) can help differentiate ‘pre-myelinating’ OLs from mature OLs in
rodent and human brain (Chang, Nishiyama, Peterson, Prineas, & Trapp, 2000; Trapp,
Nishiyama, Cheng, & Macklin, 1997; Xiao et al., 2016). For Mbp (mRNA)-expressing OLs,
those with a distinct ‘spidery’ morphology are likely to be newly forming pre-myelinating OLs,
whereas those with smaller, weakly stained “non-spidery” cell bodies/soma are likely to be
mature OLs that provide myelin sheaths for nearby axons (Xiao et al., 2016). Hence, we
examined the morphology of Mbp- and Pcdh17it- expressing OLs in cerebral cortex of P14
mice. As in the previous study (Xiao et al., 2016), we found Mbp-expressing OLs with
‘spidery’ radial processes (Fig. 2B-D). When combined with Mbp protein immunolabelling,
we could further divide Mbp* spidery OLs into two subtypes — Mbp*/ Mbp~ ‘small-spidery’
OLs and Mbp*/ Mbp* ‘large-spidery’ OLs, with mean radii of arborizing processes 25.29 +
2.11 um versus 64.78 + 3.49 um, respectively (mean + SEM; n=36 and 122 cells; p<0.001;
cells measured in 3 sections from 3 mice; Fig. 2B, C, F, G). Notably, all small-spidery cells
expressed Pcdh17it but not Mbp protein (i.e. 100% of them were Pcdh17it"/ Mbp*/ Mbp-,
n=36, 3 sections from 3 mice). In contrast, all large-spidery cells displayed Mbp
immunoreactivity but most were Pcdh17it-negative (i.e. 66% of large-spidery cells were
Pcdh17it/ Mbp*/ Mbp* and 34% were Pcdh17it'/ Mbp*/ Mbp*; n=122; 3 sections from 3
mice; Fig. 2B, C, E). Pcdh17it was not detected in Mbp*/ Mbp* non-spidery OLs, indicating
that Pcdh17it is not expressed in mature myelinating OLs (Fig. 2D, E).

From these results and taking into account the fact that Pcdh17it was found in a small
number of Pdgfra* OPs (Fig. 1G), the most likely developmental sequence is as follows: 1)
Pdgfra*, Mbp~, Pcdh17it- OPs exit the cell cycle to become Pdgfra*, Mbp-, Pcdh17it" post-
mitotic OPs, 2) they lose Pdgfra and acquire Mbp mRNA expression to become Pdgfra-,
Mbp*/ Mbp-, Pcdh17it" small-spidery pre-myelinating imOLs, 3) they progress to Mbp*/
Mbp*, Pcdh17it* then Mbp*/ Mbp*, Pcdh17it- large-spidery imOLs (Fig. 2A-C, E), 4) they
mature into Mbp*/ Mbp*, Pcdh17it- non-spidery myelinating OLs. Together, these results
support the proposition that Pcdh17it is a specific marker of pre-myelinating imOLs, between
dividing OPs and fully mature, myelinating OLs and help distinguish two developmental sub-

types of imOLs.
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Pcdh17it expression in immature OLs in adult forebrain

OL generation occurs not only during early postnatal development but also in adulthood
(Rivers et al., 2008; Dimou et al., 2008; Young et al., 2013). To find out if Pcdh17it
expression can define imOLs in adult brain, we also carried out co-localization analyses of
Pcdh17it with OL stage-specific markers in the forebrain of P75 mice. Similar to the pattern
in P14 forebrain, only a small number of Pcdh17it* cells co-expressed Pdgfra in the
subcortical white matter and cerebral cortex (Fig. 3A, B), while 50-60% of them were
positive for CC1 and Mbp mRNA (Fig. 3C-F). These data, consistent with the results
obtained from P14 developing brain, reveal Pcdh17it-expressing OLs in adult mouse brain

and suggest that they represent an early stage of OL differentiation.

Pcdh17it as a specific marker for newly-formed immature OLs in adult brain

To determine whether Pcdh17it* OLs are newly formed imOLs in adult brain, we used 5-
ethynyl-2’ -deoxyuridine (EdU, a nucleoside analog to thymidine) to label dividing cells,
almost all of which are OPs in adult brain (Rivers et al., 2008; Young et al., 2013), and
examined Pcdh17it expression in EAU* progeny cells. EdU was administered to mice at P60
for 37 or 52 days via their drinking water and forebrain tissue was collected at P97 or P112
(Fig. 4A). In subcortical white matter, all Pcdh17it-expressing cells were positive for EJU at
both P97 and P112 (Fig. 4B-C), proving that Pcdh17it* cells are newly born cells. In
addition, all Pecdh17it* cells were Ki67 negative (Fig. S2E and data not shown), so they were
not actively dividing. Therefore, these data point to Pcdh17it as a specific marker for newly

formed imOLs in adult mouse brain.

OL lineage dynamics over the lifetime in mouse forebrain

During CNS development, Pdgfrat OPs appear in the medial ganglionic eminence (MGE) in
the ventral forebrain at embryonic day 12.5 (E12.5) and cortically-derived OPs can be
observed from E18.5 in mouse brain (Richardson, Kessaris, & Pringle, 2006); around 10
days after birth, Mbp* mature OLs start to be seen, particularly in corpus callosum (Fyffe-
Maricich, Karlo, Landreth, & Miller, 2011; Giera et al., 2015). OPs are able to proliferate and
produce mature OLs into adulthood (McKenzie et al., 2014; Xiao et al., 2016; Young et al.,
2013). Although it is becoming clear that OL generation continues throughout life with
significant implications for brain function and plasticity, the dynamics of OL lineage cells over
the lifetime have not yet been well characterized. To this end, we examined density
dynamics of different types of OL lineage cells in mouse forebrain using OL stage-specific
markers including Pdgfra for OPs, Pcdh17it for imOLs, Enpp6 and Mbp for immature/mature

OLs. At E15.5, only Pdgfra* OPs could be seen scattered unevenly in different regions of

John Wileyg& Sons, Inc.
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the forebrain, while Pcdh17it imOLs and Enpp6 Msh or Mbp* immature/mature OLs were not
found (Table S1 and data not shown). The same situation was found on the day of birth
(postnatal day zero, P0O) (data not shown, Fig. 5 and Table S1). The density of Pdgfrat OPs
rose sharply to a peak between PO to P7, then decreased gradually with increasing age until
it levelled off after P75-P100 (Figs. 5, S3, S4 and Table S1). Pcdh17it' imOLs were first
widely detected on P7 and increased in number thereafter until P14 [or P30 in the cingulate
area (CA)] before declining gradually with age. The rise and fall of Pcdh17it' imOLs was
approximately mirrored by Enpp6 "s" imOLs (Figs. 5, S3, S4 and Table S1). Mbp*
immature/ mature OLs first appeared on P7 and their numbers increased after that, the rate
of increase slowing after P75 and almost, but not quite, flattening out after P100 (Figs. 5,
83, S4 and Table S1), consistent with earlier findings (Tripathi et al., 2017). In addition, OL
lineage dynamics in different forebrain regions were in sync over the lifespan except for a
delay in the peak of pre-myelinating imOLs in the CA (Fig. 5). It is worth mentioning that
Pcdh17it' imOLs were first detected at E15.5 in mouse ventral spinal cord (data not shown),

consistent with the early onset of OP differentiation in spinal cord.

These data demonstrate: 1) OPs are the predominant type of OL lineage cells in neonatal
developing brain, 2) OPs’ differentiation rate peaks at P14 (or P30 in CA), 3) following the
near-completion of OL development 2-3 months after birth, the production of mature OLs by
OPs shifts to a lower gear in young adult brain after ~P100; 4) OPs are able to continue
generating new mature OLs (via imOLs) in adult brain at a slow rate, and this ability declines
with increasing age, 5) overall, OL generation in different forebrain regions (apart from CA)

seems to proceed according to the same clock across the lifespan.

Materials and Methods

Animals

Sox10-Cre:Qlig2/oP1oxP mice were generated by breeding Sox70-Cre mice (Matsuoka et al.,
2005) to Olig2lexPoxP conditional knockout mice (Cai et al., 2007). C57/B6 mice were
purchased from Charles River Laboratories. Mouse husbandry and all procedures were
carried out in accordance with UK Home Office regulations, UCL Ethics Committee
guidelines and the UK Animals (Scientific Procedures) Act 1986 and its Amendment
Regulations (2012).

Tissue preparation
Mice of different ages (P7-P330) were subjected to intra-cardiac perfusion with cold 4% (w/v)
paraformaldehyde (PFA; Sigma) in diethylpyrocarbonate (DEPC)-treated phosphate-

buffered saline (PBS) under terminal anaesthesia, then brain tissues were immediately

John Wiley9& Sons, Inc.
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dissected and post-fixed in 4% PFA at 4°C for 24 hours. E15.5 and PO mice were
decapitated and brain tissues immediately immersion-fixed with cold 4% (w/v) PFA at 4°C
overnight. The tissues were then cryoprotected in 20% (w/v) sucrose (Sigma) overnight
before being embedded in Tissue-Tek® OCT (VWR) on dry ice for rapid freezing. Frozen
coronal forebrain sections (20um) were cut with a cryostat, mounted on Superfrost® Plus
slides (VWR) and air-dried for at least 2 hours at 20-25°C before use.

Pcdh17it ISH probe design

Six Pcdh17it transcript variants of different sizes have been reported (Carninci &
Hayashizaki, 1999; Carninci et al., 1996; Katayama et al., 2005; Kawai et al., 2001; Okazaki
et al., 2002; Shibata et al., 2000). We designed a riboprobe specific to a sequence shared
by all variants produced from the last exon of the Pcdh17it gene. The DNA template
corresponding to a 1,400 bp segment in exon 6 of 96300713A20Rik was acquired by PCR
with a pair of primers, probe-F: 5-ACAGGTGTGCTCCTCATAAGTG-3’ and probe-R: 5'-
TAATACGACTCACTATAGGGCTTTGCTGTGACTTACACAGC-3’ (T7 promoter sequence

underlined).

RNA in situ hybridization (ISH)

Our ISH protocol has been described previously (Pringle et al., 2003). Briefly, digoxigenin
(DIG)- or fluorescein isothiocyanate (FITC)-labelled riboprobes were synthesized in vitro
using DNA templates of mouse Pcdh17it (DIG/FITC), Pdgfra (FITC), Mbp (FITC) and Enpp6
(DIG) (Pringle et al., 2003; Xiao et al., 2016). For single chromogenic RNA ISH,
hybridization products were visualized using alkaline phosphatase (AP)-conjugated anti-DIG
or anti-FITC antibody with a mixture of nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-
indolyl phosphate (toluidine salt, BCIP; all reagents from Roche). When detecting Enpp6,
the colour was allowed to develop until we could detect Enpp6"s" newly-forming OLs, but
not Enpp6 ¥ mature OLs (Xiao et al., 2016). For double fluorescence RNA ISH, two
probes, one labelled with FITC and the other with DIG, were applied to sections
simultaneously for overnight hybridization. FITC and DIG were detected sequentially with
horseradish peroxidase (HRP)-conjugated anti-FITC antibody followed by HRP-conjugated
anti-DIG and the signal was developed using the TSA Plus FITC/Cyanine 3 (Cy3) kit
following the manufacturer’s instructions (Perkin Elmer). Before DIG detection, 3% (w/v)

H,O, was used to inactivate the FITC-conjugated HRP.

RNA ISH combined with immunostaining

John Wileyl& Sons, Inc.
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We used our published protocol for combining fluorescence RNA ISH with immunolabelling
(Jolly, Fudge, Pringle, Richardson, & Li, 2016). In brief, following single or double
fluorescence RNA ISH (described above), immunolabelling was performed as follows: tissue
sections were incubated with blocking buffer [10% (v/v) heat-inactivated sheep serum in
PBS] and then with rabbit anti-Olig2 (1:400; Millipore ab9610), guinea pig anti-Sox10
(1:2,000; gift from M. Wegner), mouse CC1 (1:200; Millipore op80), rat anti-Mbp (1:200;
Abcam ab89780), mouse anti-NeuN (1:500; Millipore mab377), rabbit anti-Gfap (1:2,000;
Dako Z0334) or mouse anti-Ki67 (1:10; BD Pharmingen 550609 ) primary antibody overnight
(over 3 days for rat anti-Mbp) at 4°C. For Olig2, NeuN, Gfap and Ki67 immunolabelling,
Alexa Fluor 488-, 568- or 647-conjugated secondary antibody was used (1:750; Thermo
Fisher Scientific). For Sox10, CC1 and Mbp immunolabelling, following incubation with H,O,
to quench HRP, sections were incubated with biotin-conjugated donkey anti-
rabbit/rat/mouse/guinea pig secondary antibody (1:200; Thermo Fisher Scientific) followed
by incubation with a mix of VECTASTAIN ABC solutions A and B (Vector Laboratories) for
40 minutes at 20-25°C and reaction product was visualized using the TSA Plus FITC, Cy3 or
Cy5 kit.

Cell counting and measurement

For co-localization analyses, low-magnification (20x objective) and high-magnification (60x
objective) images of corpus callosum and motor cortex between the dorsolateral corners of
the lateral ventricles were collected from three or more mice using a Leica TCS SP5
confocal microscope with LAS AF LITE software. Images were captured as Z stacks with
0.5um spacing using standard excitation and emission filters and exported into ImageJ to
create ‘orthogonal views’ (where cells do not vertically overlap along the Z stack of images)
for cell counting. 40-300 cells were counted for each data point. Image J was also used for

measuring the radii of the process fields of ‘large/small spidery’ OLs.

To analyze OL lineage dynamics in different regions across mouse forebrain, bright field
images of whole sections (20 um thickness) were captured using a Zeiss Axio Scan Z.1 slide
scanner with ZEN2 software, which was used for calculation of cell number-density. Cell

numbers were counted within the whole region under study.
In vivo EdU labelling

EdU was administrated to mice in their drinking water (0.2 mg/ml) for 37 days or 52 days

from P60. At P97 or P112, forebrain tissues were collected and prepared as described

John Wileyl& Sons, Inc.
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above. After Pcdh17it RNA ISH, EdU was detected using the Alexa Fluor 555 Click-iT kit

(Invitrogen).

Statistics
The cell counts, OL process radii and cell density data were analyzed statistically using
GraphPad Prism 5 software, with which the mean, SEM and p-value of unpaired two-tailed t-

tests were calculated. p<0.05 was considered statistically significant.

John Wileyl& Sons, Inc.
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Discussion

Pcdh17it as a specific marker for immature OLs

Through co-localization analyses and EdU incorporation assays, we showed that Pcdh17it is
a specific marker for newly forming imOLs in developing and adult forebrain in mice (Fig. 6).
Compared to two recently reported imOL markers Enpp6 (Xiao et al., 2016) and Bcas1 (Fard
et al., 2017), Pcdh17it expression seems to better align with an intermediate stage between
OPs and mature OLs, hence providing higher specificity for imOLs (Figs. 1, 3, 6, S1, and
S5A-D). Enppé6 is also weakly expressed in mature OLs with high levels of co-localization
(~90%) with CC1, and Bcas1 was also detected in some mature OLs, agreeing with data
from a recently published single cell RNA-seq database for OL lineage cells (Marques et al.,
2016; Marques et al., 2018; Fig. S5C-D). This database categorizes gene expression into
13 different OL subtype/ developmental stage clusters (Fig. S5A) and reveals that Pcdh17it
expression is elevated in two clusters of newly-formed imOLs while Enpp6 and Bcas1
expression is scattered in numerous clusters of OL subtypes/ stages (Fig. S5B-D). We
limited the colour development time in RNA ISH of Enpp6 to allow detection of only Enpp6hidh
imOLs (Figs. 5, S3, S4; Xiao et al., 2016).

Pdgfra protein expression is exclusive to OPs, but because currently available anti-Pdgfra
antibodies do not work well after RNA ISH, we used double RNA ISH to examine co-
localization of Pdgfra and Pcdh17it RNA. We detected a small population of
Pdgfra*/Pcdh17it" double-positive cells, which might correspond to a transitional phase from

OP to imOL, warranting further investigation in respect of Pcdh17it function.

CC1 has been broadly used for labelling mature OLs and is considered to be an antibody
against adenomatous polyposis coli (Apc; Bhat et al., 1996). However, Apc is predominantly
expressed in neurons and only transiently expressed in OL lineage cells during OL
development and remyelination (Lang et al., 2013). Some evidence even suggests that CC1
does not bind to Apc but to RNA binding protein Quaking 7 (Qki-7), which is up-regulated in
myelinating OLs (Bin, Harris, & Kennedy, 2016; Lang et al., 2013). Despite disagreement
about the target of CC1, our previous study suggests that CC1 can label mature OLs and
also late stage imOLs (Xiao et al., 2016). In addition to CC1 co-localization, our conclusion
that Pcdh17it is not expressed in mature OLs is also built on morphological features and its

lack of co-expression with Mbp protein (Trapp et al., 1997; Xiao et al., 2016; Fig. 2).
Our data reveal that “small spidery” and “large spidery” imOLs differ not only in size, but also

in Pcdh17it expression, hinting at two distinct stages of imOLs. A likely developmental

sequence is: post-mitotic OPs = “small spidery” imOLs - “large spidery” imOLs = “non-
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spidery” mature OLs. Progress along this sequence might be controlled by signals, including

activity-dependent signals, from unmyelinated axons.

The biology of immature OLs

Recent studies show by in vivo two-photon imaging that mature myelinating OLs are long-
lived (Hill, Li, & Grutzendler, 2018; Hughes, Orthmann-Murphy, Langseth, & Bergles, 2018),
and the same conclusion was also reached by population-based analyses in transgenic
reporter mice (Tripathi et al., 2017). However, little is known about the stability and survival
time of pre-myelinating imOLs. We were unable to study apoptosis of Pcdh17it" imOLs by
anti-Caspase-3 immunolabelling because the immunoreactivity of cleaved Caspase-3 did not
survive RNA-ISH.

Given the specificity of Pcdh17it expression for imOLs, its promoter might be useful for
generating transgenic reporter mice for future studies of imOLs in the developing, adult and
diseased CNS. It will be interesting, for example, to discover whether imOLs are all destined

to differentiate into mature OLs or whether they have other functions in their own right.

Potential function of Pcdh17it in immature OLs

IncRNAs are extremely abundant, with ~60,000 different IncRNA species in human (lyer et
al., 2015). IncRNAs are generally expressed at low levels, in relatively short time windows
and with selective tissue specificity. Most INcRNAs are located in the nucleus where they
regulate gene expression near or away from their sites of synthesis through cis- or trans-
acting mechanisms (Postepska-Igielska et al., 2015). A small proportion of IncRNAs reside
in the cytoplasm where they likely regulate protein trafficking, mRNA translation and stability
(Rashid, Shah, & Shan, 2016). We provide evidence that Pcdh17it is specifically expressed
in imMOLs and is present in both cytoplasm and/or nucleus (Fig. 1). Pcdh17it (also known as
9630013A20Rik or IncOL1) was reported to regulate OL differentiation through interaction
with polycomb repressive complex 2 (Prc2) via Suz12 (He et al., 2017). The Pcdh17it gene
lies inside intron 1 of the Pcdh17 gene (encoding cell-cell adhesion molecule Protocadherin
17), in the antisense direction, on mouse chromosome 14. During neuronal development,
Pcdh17 of neurons forms intercellular homophilic interactions via its extracellular domain and
recruits actin polymerization regulators such as the WAVE regulatory complex via its
cytoplasmic domain, thereby directing axons to extend together in fascicles (Hoshina et al.,
2013). Interestingly, for myelination, the initiation of OL process extension and axon
ensheathment requires polymerization of f-actin, whereas subsequent myelin wrapping
requires disassembly of f-actin (Zuchero et al., 2015). It has been shown that Wave 1/ Wsf1

knockout in mice leads to fewer OL processes per cell and hypomyelination in the white

John Wileyl& Sons, Inc.
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matter (Kim et al., 2006). Despite the fact that no significant correlation was found between
Pcdh17 and Pcdh17it expression by an earlier bioinformatics analysis (He et al., 2017), we
discovered that they are largely co-expressed in imOLs (Fig. SSE, F; A. Fudge and H. Li
unpublished observations). Taken together, the available evidence suggests that that
Pcdh17 might take part in the initiation of myelination by regulating f-actin assembly while

Pcdh17it might fine-tune the level of Pcdh17 expression.
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Figure Legends

Fig. 1. Analysis of Pcdh17it expression in mouse forebrain at P14. (A) Expression of
Pcdh17it (9630013A20Rik) in neural cells based on analysis of RNA-seq data (Zhang et al.,
2014). (B-D) Detection of Pcdh17it expression (green) in cytoplasm (B), nucleus (C) and
both nucleus and cytoplasm (D) of cells in P14 mouse forebrain by fluorescence RNA ISH.
The nucleus was counter-stained with Hoechst dye (Hch, blue). (E-l) Co-localization of
Pcdh17it with OL developmental stage-specific markers. Representative images are shown
of cells labelled red for Pcdh17it (E-l) and green for Sox10 (E), Olig2 (F), Pdgfra (G), CC1
(H), or Mbp (1) in subcortical white matter of P14 mice. Cells that are double-labelled
(arrows) or that express Pcdh17it alone (arrowheads) are indicated. A double-labelled cell
(asterisked arrow) is shown at higher magnification at the right (E-l), aligned with z-stack
images to the right (vertical) and below (horizontal). Each bar diagram to the left denotes
the percentage of cells expressing one or two markers (mean + SEM; data from at least 4
mice). Note that a large fraction of CC1* OLs in P14 brain are by definition recently
generated and newly-myelinating, since OL differentiation in forebrain does not start until
around the time of birth. Scale bars: 10 um (B-D); 30 um (E-l) and 10 um for high

magnification images (E-I).

Fig. 2. Combining Pcdh17it expression with morphological characterization of OLs in
cerebral cortex of P14 mice. (A-D) Cells expressing Pcdh17it (blue), Mbp (green) and
Mbp (red) were labelled by double ISH followed by immunolabeling for Mbp in forebrain
sections. (A) A Pcdh17itt/ Mbp~/Mbp~- OP/imOL, (B) a Pcdh17it'/ Mbp*/Mbp~ “small
spidery” imOL, (C) a Pcdh17it'/ Mbp*/ Mbp* “large spidery” imOL, (D) a Pcdh17it/ Mbp*/
Mbp* “non-spidery” mature OL. Z-stack images to the right (vertical) and below (horizontal)
are aligned with each image. Scale bars, 20 um. (E) A bar diagram illustrates percentages
of cells expressing one, two and three markers (data from 3 mice; mean + SEM). (F)
Reconstructed images of a Mbp*/ Mbp~ “small spidery” imOL and a Mbp*/ Mbp* “large
spidery” imOL. Each red circle is expanded by 10 um in radius drawn to scale with ImageJ.
(G) Graph of the mean (+ SEM) radius of arborizing processes of Mbp*/ Mbp~ “small
spidery” imOLs (n=36) compared to Mbp*/ Mbp* “large spidery” imOLs (n=122; data from 3

*k*k

mice; ***p<0.001 for unpaired t-test).

Fig. 3. Co-localization of Pcdh17it with OL stage-specific markers in the forebrain of
P75 mice. (A-F) Cells labelled red for Pcdh17it (A-F) and green for Pdgfra (A, B), CC1 (C,
D) or Mbp (E-F) in corpus callosum (A,C, E) and motor cortex (B, D, F). Cell nuclei were

counter-stained with Hoechst dye (blue). Double-labelled cells (arrows) and cells expressing
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Pcdh17it alone (arrowheads) are indicated. The bar diagram to the right of each image
denotes percentages of cells expressing one and two markers (mean + SEM; data from at

least 4 mice). Scale bars, 30 um.

Fig. 4. Pcdh17it-expressing OLs are newly born cells in adult brain. (A) Timeline of
EdU administration. P60 mice were given EdU in their drinking water for 37 or 52 days
before being sacrificed for Pcdh17it ISH and EdU staining in brain sections. (B, C) Cells
labelled for EdU (red) and Pcdh17it (green) in corpus callosum at P97 (B) and P112 (C).
Nuclei were counter-stained blue with Hoechst dye. All Pcdh17it" cells were also EAU".
EdU*/ Pcdh17it" cells and EdU*-only cells are indicated by arrows and arrowheads

respectively. Data from 3 mice for each time point. Scale bars, 10 um.

Fig. 5. Dynamics of OL lineage cells in mouse forebrain over the lifetime (PO to P330).
(A) lllustration of forebrain coronal section depicting structural regions (colours
corresponding to regions in B). (B) Graphs showing cell densities of Pdgfra*, Pcdh17it",
Enpp6 Meh and Mbp* OL lineage cells over the lifetime in different forebrain regions (*p<0.01,
**p<0.05, ***p<0.001 for unpaired t-tests). */**/*** statistical significance is aligned with the

older of any two adjacent ages compared. PO to P75: n=6, P100/ P330: n=4.

Fig. 6. OL lineage progression and expression of stage-specific markers. Proteins are
in plain font, RNAs are in italics. Olig2 and Sox10 are expressed through all stages of OL
lineage progression. Pdgfra is expressed in OPs and is down-regulated while Pcdh17it
expression is up-regulated at the initiation of OP differentiation. Later, Pcdh17it* imOLs
express Mbp and then CC1 antigen. In the final stages of OL differentiation, Pcdh17it
expression is down-regulated while Mbp protein starts to be expressed. Enpp6 expression
starts at a high level in imOLs and persists at a lower level in mature OLs. Bcas1 is
expressed in imOLs but is also detectable in some mature OLs. By comparison, Pcdh17it

expression is specific to imOLs.
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of OL lineage cells in mouse forebrain over the lifetime (PO to P330).
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Supplementary information

Supplementary Fig. 1. Identity of Pcdh17it-expressing cells. (A-D) Co-localization of
Pcdh17it with OL developmental stage-specific markers in cerebral cortex of P14 mice.
Cells labelled red for Pcdh17it (A-D) and green for Sox10 (A), Olig2 (B), Pdgfra (C), or CC1
(D) are shown. Cell nuclei were counter-stained blue with Hoechst dye. Arrows and
arrowheads indicate double-labelled cells and cells expressing Pcdh17it alone, respectively.
The bar diagrams to the left of each image denote percentages of cells that express one or
two markers (mean + SEM; data from at least 4 mice). Scale bars: 30 um. (E, F) Pcdh17it
expression in P14 Olig2 cKO mice. (E) Cells expressing Olig2 (red) and Pcdh17it(green) in
the forebrain of Olig2 cKO and control mice. CC: corpus callosum, CCX: cerebral cortex.
Scale bars, 50 um. (F) Graphs showing significant reductions in the density of Olig2* (left)
and Pcdh17it* (right) cells in subcortical white matter (WM) in Olig2 cKO mice compared to
controls (mean + SEM; ***p<0.001 for unpaired t-tests). Data from 5 cKO mice and 5

controls.

Supplementary Fig. 2. Co-localization of Pcdh17it with markers for neurons (NeuN),
astrocytes (Fgfr3 and Gfap) or neural stem cells (Ki67 and Gfap) in the forebrain of
P14 mice. (A-E) Cells expressing Pcdh17it (red, A-E) and co-labelled (green) for NeuN (A,
B), Fgfr3 (C), Gfap (D) or Ki67 (E). The bar diagram to the right (A) shows percentages of
Pcdh17itt, NeuN* double-labelled cells in motor cortex. No other co-localization was
observed (B-E). Arrowheads point at Pcdh17it* cells. Data from at least 4 mice. CC:

corpus callosum, SVZ: subventricular zone, LV: lateral ventricle. Scale bars: 30 um.

Supplementary Fig. 3. Expression of OL stage-specific markers in cortical regions of
mouse forebrain at different ages (from P7 to P330). RNA ISH images of Pdgfra,
Pcdh17it, Enpp6Ms" and Mbp expression in different cortical regions. Scale bars, 150um.
CA: cingulate area. MO: motor area. SS: somatosensory area. PIR: piriform area. CC:

corpus callosum. CP: caudate putamen.

Supplementary Fig. 4. Expression of OL stage-specific markers in non-cortical
regions of mouse forebrain at different ages (from P7 to P330). RNA ISH images of
Pdgfra, Pcdh17it, Enpp6"e" and Mbp expression in non-cortical regions of forebrain. Scale
bars, 150 um. CA: cingulate area. cing: cingulum. MO: motor area. SP: septal nucleus.
CC: corpus callosum. CP: caudate putamen. LV: lateral ventricle. SS: somatosensory

area. PAL: pallidum. HY: hypothalamus.
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Supplementary Fig. 5. Gene expression in OL lineage cells of a series of progression
stages based on analysis of single-cell RNA-seq data. (A) Clustering pattern of OL
lineage cells expressing mRNAs of 13 different OL subtypes/ developmental stages on the t-
distributed stochastic neighbour embedding (t-SNE) trajectory map from OPs to mature OLs
(adapted from Fig. 2A of Marques et al., 2016). (B-E) Plotted expression patterns on t-
SNE trajectory map (left) and average expression levels (right) of Pcdh17it (B), Enpp6"is"
(C), Bcas1 (D) and Pcdh17 (E). (F) A Photoshop overlaid image of expression trajectories
of Pcdh17it (green) and (red) from OPs to mature OLs. Simultaneous expression of
Pcdh17it and Pcdh17 in newly-formed imOLs (NFOLs) can be observed.

Supplementary Table 1. Number-densities of OL lineage cells in various regions of

mouse forebrain over the lifetime.
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Supplementary Tables
n animals Density (cell number/mm?)
E15.5(n=6) NCx CP SVZ/VZ PCx Str GE POA
5548 133.70 5517 12000 100.60 84.08 97.02
.
Pdgfra” cell £351 +8.06 +3.06 +£588  £5.00 +2.48 £6.36
. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
+
Pedh17it" cell £0.00  +0.00 £0.00 £0.00  +0.00 £0.00 +0.00
Enpn6* cell 0.00 0.00 0.00 0.00 0.00 0.00 0.00
nppo- ce £0.00  +0.00 £0.00 £0.00  +0.00 £0.00 £0.00
Mbo* cell 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P ce £0.00  +0.00 £0.00 £0.00  +0.00 £0.00 +0.00
PO (n=06) CA MO SS PIR CC DSVW SP CP PAL HY
Pdefia cell 98.86  144.00 206.33 160.55  247.97 205.20 12049 13824 12071  152.58
gfra’ ce £734  +984 +£8.77 +8.04 1492 2407  +2.88 463  £165  +7.03
. 0.76 0.48 0.04 030 0.89 6.86 0.00 0.00 0.00 0.00
+
Pedhl17it" cell £076 030 £0.03 030  +0.6l £3.19 £0.00  +000 000  £0.00
Enpoé* cell 0.76 0.48 0.04 0.00 0.60 3.92 0.00 0.00 0.00 0.00
nppo- ce £076 030 +0.03 £0.00 +0.60 £1.96 £000  £000  £0.00  +0.00
Mbo* cell 0.00 0.24 0.02 0.00 030 1.96 0.00 0.00 0.00 0.00
P ce £0.00 024 +0.02 £0.00 +0.30 +1.24 £0.00  £0.00  £0.00  +0.00
P7 (n=6) CA MO SS PIR CC SP CP PAL HY
Pdefra® cell 28713 600.18 584.64 37181 1129.82 57726 51732 48332 41725
gfra” ce +1476  £22.65 +15.46 +18.80  +85.13  £42.88  £3578 £1837 £29.47
6.15 5.84 7.48 9.52 180.32 13.72 3013 1434 15.83
T4+
Pedhl7it” cell £1.16  +0.16 +0.65 +134  +11.28 +3.15 +434 114 £261
Enon6* cell 552 5.17 633 5.90 157.88 11.61 1728 1278 9.57
nppo- ce £0.84 070 £0.60 +0.61 +3.44 £0.98 £250  +084  £092
Mbo* cell 424 3.98 5.59 6.11 149.31 9.54 1658 10.66 778
P ce £051  £042 £0.75 £058 666 £0.99 £129  £093 2077
P14 (n=6) CA MO SS PIR CC SP CP PAL HY
Pdefra® cell 153.00  268.18 308.99 24743 569.01 34800 31758 3552  404.46
gfra” ce £16.19  +2265 £31.99 +644  +4674  £2483  £1060 899  £10.18
) 1200 2128 22.94 1479 213.91 56.95 5608 5428 3627
+
Pedh17it” cell £0.82  +2.16 £0.83 +140 +13.63 £593 +£585 668  +6.07
Enpné* cell 11.03 18.24 21.59 1496 188.81 51.33 4947 4956 3235
nppo- ce +£193  +188 +2.64 +069  +2.14 +5.56 213 +279  £1.50
Mbo* cell 1062 1577 20.68 1324 18207 43.99 1381 4402 2536
P ce +1.02 +224 +1.71 +130 839 +£2.77 +837  +18  +173
P30 (n=16) CA MO SS PIR CC SP CP PAL HY
Pdefia cell 14218 168.03 163.47 17758 32622 200.78 13493 23357 23770
gfra’ ce £951 +7.82 +8.69 +14.16  +1929  +1281  +1140 +2086 +10.81
. 1299 12.04 14.08 10.22 91.83 14.63 1234 1293 2544
+
Pedh17it" cell +131  +128 +1.09 +129  +1240 +£2.70 £0.60  +£219  +442
Enpoé* cell 25.73 13.83 19.8 11.7 98.74 23.4 2030 3109 2574
nppo- ce £170  +0.83 +1.63 +£049 377 +3.86 +£254 £402  £191
Mbp* cell 4684 10258 157.55 67.66  442.99 20453 25329 9626  85.98
P ce £1.83 361 +£12.95 687  +26.83 £1589 +1081  £676  +£4.95
P75 (n=6) CA MO SS PIR _ CC SP CP  PAL HY
Pdefra® cell 12539 13292 131.30 16149 176.60 198.49 13241 18346  225.13
gfra” ce 1264 784 +7.47 +7.17  +2127 +£7.26 £406  +462 429
. 6.09 5.84 5.29 5.08 41.11 521 448 727 6.06
+
Pedh17it” cell £093  +0.53 +0.46 +091 +4.61 £0.50 £062  £1.00  £092
Enon6* cell 6.38 5.40 7.99 6.17 36.44 11.19 6.74 9.35 833
nppo- ce £1.17  +0.54 £0.96 +038  +2.04 +£2.80 +074  +054  £1.01
Mbo* cell 20500  329.65 401.19 1218 1813.1 583.53 53523 4951  178.88
P ce £641 1581 £20.69 +£728 4543 £3770  £1379 2590  +8.37
P100 (n=4) CA MO SS PIR CC SP CP PAL HY
Pdefra® cell 10404 12308 103.83 11887 163.65 12323 1129 10407 16894
gfra” ce £446  +8.40 +533 £556 +1262  £1068  £1846 +1136 £19.79
. 312 3.43 3.63 441 2636 4.88 3.68 530 482
+
Pedhl7it” cell £0.67  +123 £0.81 £120 3.1 +£1.57 +1.07  +089  +134
Enpn6* cell 5.67 435 6.70 5.06 31.06 8.70 429 7.03 521
nppo- ce £059  +0.81 £0.88 £0.66  +536 +1.56 £079  £157 036
Mbo* cell 20175 4726 559.48 15244 2065.63 629.17 5959  563.07  233.33
P ce £10.30  +59.60 +28.85 +£13.63  +7492  £4447  £1975  £4879  £12.90
P330 (n=4) CA_ MO SS PIR __ CC SP CP___PAL _ HY
Pdgfra cell 10226 121.40 103.07 117.84 15567 120.85 11018 99.60  154.28
ra: ce +1568 +836 +4.48 41448  +589 +1408  +1630 +1648 +7.80
. 1.38 1.77 0.78 270 6.71 1.59 1.50 2.40 2.56
+
Pedh17it" cell £0.09  +0.17 £0.10 029  +128 +0.41 +052 019  +1.01
Enpoé* cell 3.76 211 3.42 2.86 11.07 5.16 2.12 3.62 3.06
nppo- ce £124  £0.50 +0.84 +£043  £1.80 £1.90 +£054  +084  £023
Mbp* cell 21682  477.33 562.65 15693 213478 63942 607.94 56503  236.62
P ce £921  +17.02 4521 +4.11  +198.10  +22.18  +2636 2697 +6.88
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