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Mutations on y-secretase subunits are associated with neurologic diseases. Whereas the role of y-secretase in neurogenesis has been
intensively studied, little is known about its role in astrogliogenesis. Recent evidence has demonstrated that astrocytes can be gener-
ated from oligodendrocyte precursor cells (OPCs). However, it is not well understood what mechanism may control OPCs to differen-
tiate into astrocytes. To address the above questions, we generated two independent lines of oligodendrocyte lineage-specific presenilin
enhancer 2 (Pen-2) conditional KO mice. Both male and female mice were used. Here we demonstrate that conditional inactivation of
Pen-2 mediated by Oligl-Cre or NG2-CreERT2 causes enhanced generation of astrocytes. Lineage-tracing experiments indicate that
abnormally generated astrocytes are derived from Cre-expressing OPCs in the CNS in Pen-2 conditional KO mice. Mechanistic analysis
reveals that deletion of Pen-2 inhibits the Notch signaling to upregulate signal transducer and activator of transcription 3, which trig-
gers activation of GFAP to promote astrocyte differentiation. Together, these novel findings indicate that Pen-2 regulates the specifica-
tion of astrocytes from OPCs through the signal transducer and activator of transcription 3 signaling.
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Astrocytes and oligodendrocyte (OLs) play critical roles in the brain. Recent evidence has demonstrated that astrocytes can be gener-
ated from OL precursor cells (OPCs). However, it remains poorly understood what mechanism governs the differentiation of OPCs
into astrocytes. In this study, we took advantage of OL lineage cells specific presenilin enhancer 2 (Pen-2) conditional KO mice. We
show that deletion of Pen-2 leads to dramatically enhanced astrocyte differentiation from OPCs in the CNS. Mechanistic analysis
reveals that deletion of Pen-2 inhibits Hes1 and activates signal transducer and activator of transcription 3 to trigger GFAP activation
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which promotes astrocyte differentiation. Overall, this study identifies a novel function of Pen-2 in astrogliogenesis from OPCs.
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Introduction

As major constituents in the CNS, oligodendrocytes (OLs) and
astrocytes are essential for a variety of brain functions (Rowitch
and Kriegstein, 2010; McKenzie et al., 2014; Li and Richardson,
20165 Elbaz and Popko, 2019). Whereas OLs are myelin-produc-
ing cells (Nave and Trapp, 2008; Bechler et al., 2015; Figlia et al.,
2018; Liu et al,, 2018), astrocytes play multiple roles in various bi-
ological processes, including the formation of the brain-blood
barrier and inflammatory responses (Freeman, 2010; Molofsky et
al., 2012). Although astrocytes are believed to be generated from
neural progenitor cells (NPCs) (Freeman, 2010; Namihira and
Nakashima, 2013), the following evidence has shown that
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astrocytes can also be generated from OPCs. First, glial progeni-
tor cells give rise to both OLs and astrocytes (Raff et al., 1983;
Kondo and Raff, 2000). Second, OPCs are found to generate OLs
and astrocytes in the CNS (Belachew et al., 2003; Cai et al., 2007;
Zhu et al,, 2012; Huang et al., 2014; Zuo et al,, 2018; Sun et al.,
2019). However, little is known about the molecular mechanism
that controls OPCs to differentiate into astrocytes during post-
natal CNS development.

v-Secretase is a key protease for Notch receptors and amyloid
precursor protein (APP) (De Strooper, 2003). It is composed of
four subunits, including presenilin, presenilin enhancer 2 (Pen-
2), nicastrin, and anterior pharynx defective 1 (De Strooper,
2003; Kimberly et al.,, 2003). Recent cryo-electron microscopy
studies uncover structural basis for the recognition of y-secre-
tase to Notch or to APP (Yang et al., 2019; Zhou et al., 2019).
The role of y-secretase in developing and adult brains has been
intensively studied (Saura et al., 2004; Shen and Kelleher, 2007;
Kim and Shen, 2008; Tabuchi et al., 2009; Dries et al., 2016; Hou
et al,, 2016; Acx et al., 2017; Liu et al., 2017; Cheng et al., 2019).
However, it remains unknown whether 7y-secretase in OPCs is
important for astrogliogenesis.

To address the above questions, we generated two lines of OL
lineage-specific Pen-2 conditional KO (cKO) mice, Pen-2";
Oligl-Cre and Pen-2";NG2-CreERT2. We find that conditional
inactivation of Pen-2 leads to increased number of astrocytes but
unchanged number of neurons in the CNS. Lineage-tracing anal-
yses reveal that GFAP™" cells are derived from Cre-expressing
OPCs in Pen-2 cKO mice. We demonstrate that deletion of Pen-
2 causes increased levels of signal transducer and activator of
transcription 3 (Stat3) in OPCs, and that elevated Stat3 promotes
astrocyte differentiation via GFAP activation. Overall, the above
observations highlight an essential role of y-secretase in astro-
gliogenesis from OPCs during postnatal CNS development.

Materials and Methods

Animals. The generation of Pen-2"/ mice was reported previously
(Cheng et al., 2019; Bi et al., 2021). To generate Pen-2 cKO mice (Pen-2";
Olig1-Cre), we bred Oligl-Cre mutant (Xin et al.,, 2005; Wang et al., 2021)
with Pen-2"' to obtain Pen-2" +;Oligl -Cre. The latter were then crossed to
Pen-2""to get Pen-2 cKO. Pen-2"";0ligl-Cre served as littermate controls.
We generated a reporter line expressing LoxP-Stop-LoxP-tdTomato, which
was referred to as LSL-tdTomato hereafter and was used to produce
Pen-2"";0ligl-Cre;LSL-tdTomato, Pen-2"0ligl-Cre;LSL-tdTomato, and
Oligl-Cre;LSL-tdTomato mice. The mTmG line (Muzumdar et al., 2007)
was used to generate Pen-2"";0ligl-Cre;mTmG and Pen-2"0ligl-Cre;
mTmG mice. The hGFAP-GFP was used to generate Pen-2"0ligl-Cre;
hGFAP-GFP mice. We also generated inducible Pen-2 cKO (Pen-2 icKO)
mice by crossing NG2-CreERT2 (Huang et al, 2014) to Pen-2"5LSL-
tdTomato. Pen-2";NG2-CreERT2LSL-tdTomato mice served as Pen-2
icKO after receiving tamoxifen from their lactating mothers (Huang et al.,
2014).

Both male and female mice were used in this study. The genetic
background of the mice was C57BL/6. The animals were group-housed
(4 or 5 per cage) throughout the experimental period and had ad libitum
access to food and water. The mice were maintained in an SPF-leveled
animal room in the core facility of the Model Animal Research Center
(MARC) at Nanjing University. The light-cycle of the animal room was
automatically controlled. The animal room was maintained under con-
stant humidity and temperature (25 = 1°C). Mouse breeding was con-
ducted under Institutional Animal Care and Use Committee approved
protocols at the MARC. All the experiments were performed in accord-
ance with the Guide for the Care and Use of Laboratory Animals of the
MARC at Nanjing University.

Nissl staining. The mice were killed with CO,, perfused with PBS,
fixed in 4% PFA overnight at 4°C. Sections were deparaffinized, ethanol
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rehydrated, and treated with 0.1% cresyl violet for 1 min followed by
rinsing with water. Sections were sealed using neutral resin.

Cell counting. Counting on GFAP', Pdgfra®, Olig2*, CC17,
Aldh111*, $1008 ", NeuN™, or Ibal™ cells was conducted using three
brain sections per mouse spaced 400 pm apart. For each section, 2 mi-
croscopic fields (20 objective lens of an Olympus BX53 microscope)
were randomly selected for the cortex or the thalamus. Images for each
field (438.6 um x 330.2 pm) were captured and the total number of cells
was counted using Image]. The serial numbers were averaged across sec-
tions, and the mean was presented as the averaged cell number in each
microscopic field for each animal.

Measurement on fluorescence intensity of Olig2 and Sox10. To com-
pare the expression of Olig2 or Sox10 in GFAP" and GFAP" cells, we
analyzed fluorescence intensity of Olig2 or Sox10 using a method
described recently (Kelenis et al, 2018). Briefly, images for Olig2*/
GFAP™ or Olig2"/Sox10"/GFAP™ cells were captured under the 40x
objective lens with a Carl Zeiss LSM880 confocal microscope. Olig2*/
GFAP™ or Olig2*/Sox10"/GFAP™ cells were randomly chosen for anal-
ysis, and adjacent Olig2"/GFAP™ or Olig2"/Sox10"/GFAP™ cells were
used for comparison. A total of 24 cells for each type from 3 Pen-2 cKO
mice at P12 were used for quantification. Image] was used to draw an
outline around the Olig2 signal in each cell. The integrated density of the
Olig2™ or Sox10™ the area was analyzed, and that of the no-signal region
was used as the background. Fluorescence intensity of Olig2 or Sox10
for each cell was calculated as the integrated density of the Olig2™ or
Sox10" area minus the background.

Brain lysate preparation. Mice were killed at P14 and P30. Cortical
samples were prepared using a method described previously (Peng et al.,
2010). Samples were stored at —80°C until use.

Western blotting. We used a method described previously (Liu et al.,
2017). Briefly, normalized volumes for cortical protein samples were
loaded onto 8%-15% polyacrylamide gels and separated by electrophore-
sis for ~2 h. The gels were transferred into nitrocellulose membrane at
25V for 2.5 h. After blocking with 5% (w/v) nonfat dry milk for 1 h,
membranes were probed with primary antibodies overnight and
detected using infrared dye-coupled secondary antibodies (goat anti-rab-
bit IRdye800, goat anti-rabbit IRdye680, goat anti-mouse IRdye800, and
goat anti-mouse IRdye680). Information for primary antibodies was
provided in Table 1.

Immunohistochemistry (IHC). Brain sections were deparaftinized,
ethanol rehydrated, and then boiled in 0.01 M pH 6.0 sodium citrate
buffer solution. The sections were blocked using hydrogen peroxide
(30% H,O, diluted in methanol at 10:1) and then incubated with BSA
(5% BSA in PBS). They were incubated overnight at 4°C with primary
antibodies. Antibody information was provided in Table 1. Sections
were incubated with biotin-labeled secondary antibodies (diluted in
PBS), and were treated using the avidin-biotin peroxidase complex
(ABC kit, Vector PK-6100), developed by DAB (Vector SK-4100). For
fluorescence immunostaining, brain sections were incubated with either
AlexaFluor-488 goat anti-mouse/anti-rabbit or AlexaFluor-594 goat
anti-mouse/anti-rabbit secondary antibodies (Invitrogen). Images were
captured and then analyzed using a Carl Zeiss LSM880 confocal
microscope.

Cell culture and transfection. HEK293T cells were maintained in
DMEM (Invitrogen) containing 10% FBS (Lonsera). The cells were
transfected using polyethyleneimine. The medium was replaced 6 h after
transfection, and the cells were harvested at 48 h after transfection.

Purification of Pen-2 KO cells by FACS. The cortex was dissected
from control (Pen-2" +;Olig1—Cre;meG) and Pen2 cKO (Pen-Zf/f;Oligl—
Cre;mTmG) mice. Cortical samples were digested by trypsin and became
single-cell suspension containing Cre™ cells expressing green fluores-
cence protein and Cre™ cells expressing red fluorescence protein. Cell
suspensions were used by FACS (BD FACS Arialll) to purify GFP " cells.
The sorting efficiency was larger than 90% for each sample. The resultant
cell suspensions were centrifuged (3000rpm) to discard the superna-
tants. Cells were treated using TRIzol reagent (Invitrogen) for RNA
purification.

OPC and OL cultures. We used a method described previously
(Parras et al., 2004). Briefly, cells from cortices from P8 mice were plated
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Table 1. Antibody list

Table 2. List for primers
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Antibodies

Source

Identifier

Mouse anti-Olig2
Rabbit anti-Pdgfrae
Rat anti-BrdU
Rabbit anti-GFAP
Mouse anti-Aldh111
Rabbit anti-S100 8
Rabbit anti-NeuN
Rabbit anti-APP
Rabbit anti-Ibal
Mouse anti-Stat3
Rabbit anti-Pen-2
Mouse anti-Hdac3
Rat anti-Mbp
Rat anti-Plp1
Mouse anti-CC1
Rabbit anti-cleaved caspase 3
Rabbit anti-phosphorylated-
Stat3 (Tyr705)
Mouse anti-GFAP
Goat anti-GFAP
Rabbit anti-Sox10

Mouse anti-GAPDH

Mouse anti- 3 -Actin

Millipore

Cell Signaling Technology
Abcam

Abcam

Abcam

Abcam

Millipore

Sigma-Aldrich

Wako

Cell Signaling Technology
Abclonal

Cell Signaling Technology
Millipore

Millipore

(albiochem

Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Abcam

Abcam

Abcam

Sigma-Aldrich

(atalog #MABN50,
RRID:AB_10807410
(atalog #3174,
RRID:AB_2162345
(atalog #ab6326,
RRID:AB_305426
(atalog #ab7260,
RRID:AB_305808
(atalog #ab 56777,
RRID:AB_940204
(atalog #ab52642,
RRID:AB_882426
(atalog #ABN78,
RRID:AB_10807945
(atalog #A8717,
RRID:AB_258409
(atalog #019-19741,
RRID:AB_839504
(atalog #9139,
RRID:AB_331757
(atalog #A15172,
RRID:AB_2762062
(atalog #3949,
RRID:AB_2118371
(atalog #MAB386,
RRID:AB_94975
(atalog #MAB388,
RRID:AB_177623
Catalog #0P80,
RRID:AB_2057371
(atalog #9661,
RRID:AB_2341188
(atalog #9145,
RRID:AB_2491009
(atalog #sc-6534,
RRID:AB_783553
(atalog #ab53554,
RRID:AB_880202
(atalog #ab155279,
RRID:AB_2650603
(atalog #ab8245,
RRID:AB_2107448
Catalog #A1978,
RRID:AB_476692

1. Primers for gPCR

Gene name Species Sequence 5'-3’

Pen-2 Mouse gDNA F GAACTTGGAGCGGGTATCCA
Pen-2 Mouse gDNA R AGAGGTAGTCCCCAAGAGCG
Hes1 Mouse gDNA F CAACACGACACCGGACAAAC
Hes1 Mouse gDNA R (GGAGGTGCTTCACAGTCAT
GFAP Mouse gDNA F GCAAGAGACAGAGGAGTGGT
GFAP Mouse gDNA R CTCTTCCTGTTCGCGCATTT
Stat3 Mouse gDNA F CAGCTGGACACACGCTACCT
Stat3 Mouse gDNA R GGACTCTTGCAGGAATCGGCT
Nfia Mouse gDNA F TCTTGTGAAACGAAACGCCC
Nfia Mouse gDNA R GCCCACAGTGATTCTCAACC
Hdac3 Mouse gDNA F ATCGCCTGGCATTGACTCAT
Hdac3 Mouse gDNA R TGTAACGGGAGCAGAACTCG

2. Primers for recombinant DNA

Gene name amino acids Sequence 5'-3’

mNotch1 ICD-F 1744-2531 GTGCTGCTGTCCCGCAAGCGC
mNotch1 1CD-R TTTAAATGCCTCTGGAATGTG
mErbB4 1CD-F 636-1292 TACCCATGGACGGGCCATTC
mErbB4 1(D-R TCACACCACAGTATTCCGGT
mAPP I(D-F 722-770 ATGTTGAAGAAGAAACAGTA
mAPP ICD-R TTAGTTCTGCATTTGCTCAA
mTrkB 1CD-F 451-821 (TCCTGCTCAAGTTGGCGAG
mTrkB ICD-R (TAGCCTAGGATATCCAGGT
mP75 |CD-F 272-427 TATATTGCTTTCAAGAGATG
mP75 1(D-R TCACACAGGGGACGTGGCAG
mlrp1 1CD-F 4444-4545 TGGTATAAGCGGCGAGTCCG
mLrp1 1CD-R (TATGCCAAGGGATCTCCTA
mDag I(D-F 771-893 ATCTGCTATCGCAAGAAGAG
mDag I(D-R TTAAGGGGGAACATACGGAG
mEphA4 1CD-F 567-986 TTTGTGATCAGCCGAAGACG
mEphA4 1(D-R TCAGACAGGAACCATCCTGC
mNG2 1CD-F 2250-2327 TACCTCCGCAAACGCAACAA
mNG2 ICD-R TCACACCCAGTACTGGCCAT
m(dh2 1CD-F 744-906 GTATGGATGAAACGGCGGGA
m(dh2 ICD-R TCAGTCGTCACCACCGCCGT
mHes1-F 1-282 ATGCCAGCTGATATAATGGA
mHes1-R TCAGTTCCGCCACGGTCTCC
mStat3-F 1-722 ATGGCTCAGTGGAACCAGCT
mStat3-R TTATTTCCAAACTGCATCAA
3. Primers for luciferase assay

Promoter Region Sequence 5'-3'

in neurosphere medium (DMEM/F12 containing 2 mm L-glutamine, 1x
B27,1x N2, 5 um HEPES, 0.01% heparin, 100 pg/ml penicillin, 0.1 mg/ml
streptomycin) supplemented with 20 ng/ml EGF and 20ng/ml FGFb.
Primary neurospheres were cultured for 3-5d. Next, the culture medium
was changed to DMEM/F12 supplemented with 20 ng/ml PDGF-AA and
10 ng/m FGFb to induce OPC differentiation. The medium was changed
once every 4 d. Twelve days after the OPC culture, 10% FBS and 15 nm T3
were added into the culture medium to induce OL differentiation. OLs
were further cultured for 4-8 d.

RNA isolation. Total RNA was isolated from control and Pen-2 cKO
cortices using TRIzol reagent (Invitrogen).

TUNEL staining. Brain sections were blocked with 5% goat serum
for 30 min and then treated with the TUNEL BrightGreen Apoptosis
Detection Kit (Vazyme) at 37°C for 1 h.

BrdU pulse-labeling. BrdU (B5002, Sigma-Aldrich) was administered
at the concentration of 100 mg/kg. To label proliferating OPCs, BrdU
was intraperitoneally injected into mice. Brains were collected 1 h after
the injection.

Tamoxifen administration. Tamoxifen (T5648, Sigma-Aldrich) was
dissolved in corn oil (C116025, Aladdin), and the concentration was
10mg/ml. The lactating mothers for Pen-2"";NG2-CreERT2LSL-

mStat3 promoter-F —1839~T55~261 (GTAGTTAAGAGCACTGCTC
mStat3 promoter-R TCCCGAGGGCCGLCTGGLCT
mStat3 promoter fragment 2-F —1338~T55~261 GCAGAGTTCATTCTCTATGA
mStat3 promoter fragment 2-R TCCCGAGGGCCGLCTRGLCT
mStat3 promoter fragment 3-F —834~TS5~261 AACTTGAACTTGAATTTTTA
mStat3 promoter fragment 3-R TCCCGAGGGCCGLCTRGLCT
mStat3 promoter fragment 4-F —213~TS55~261 TTTCAGCAGGACATTCCGCT
mStat3 promoter fragment 4-R TCCCGAGGGCCGLCTGGLCT
hGFAP promoter-F —1702~T55~—5 CATATCCTGGTGTGGAGTAG
hGFAP promoter-R GGGTGCCCCTGGCAACACCC

tdTomato and Pen—Zf/f;NGZ—CreERTZ;LSL—thomato mice were intra-
peritoneally injected with tamoxifen once a day, at the dosage of
100 mg/kg body weight (Huang et al., 2014). The injection lasted 4 d
from P1 to P4.

qRT-PCR. Total RNA (1pg) was reverse-transcribed using
PrimeScript RT reagent Kit (Takara). Real-time PCR was performed
using the ABI StepOne Plus system. Primer information was provided in
Table 2.

Plasmids. Mouse Hesl, ErbB4 1CD, APP ICD, TrkB ICD, P75 ICD,
Lrp1 ICD, Dag ICD, EphA4 ICD, NG2 ICD, Cdh2 ICD, and Stat3 were
amplified by PCR from cDNA libraries prepared from mouse brain.
Notchl ICD was purchased from Addgene (#26891). These cDNAs were


https://scicrunch.org/resolver/AB_10807410
https://scicrunch.org/resolver/AB_2162345
https://scicrunch.org/resolver/AB_305426
https://scicrunch.org/resolver/AB_305808
https://scicrunch.org/resolver/AB_940204
https://scicrunch.org/resolver/AB_882426
https://scicrunch.org/resolver/AB_10807945
https://scicrunch.org/resolver/AB_258409
https://scicrunch.org/resolver/AB_839504
https://scicrunch.org/resolver/AB_331757
https://scicrunch.org/resolver/AB_2762062
https://scicrunch.org/resolver/AB_2118371
https://scicrunch.org/resolver/AB_94975
https://scicrunch.org/resolver/AB_177623
https://scicrunch.org/resolver/AB_2057371
https://scicrunch.org/resolver/AB_2341188
https://scicrunch.org/resolver/AB_2491009
https://scicrunch.org/resolver/AB_783553
https://scicrunch.org/resolver/AB_880202
https://scicrunch.org/resolver/AB_2650603
https://scicrunch.org/resolver/AB_2107448
https://scicrunch.org/resolver/AB_476692

Hou, Bietal. e Pen-2 and Oligodendrocyte Precursor Cells

J. Neurosci., June 9, 2021 - 41(23):4976-4990 - 4979

A B
’ Pen-2"*;0lig1-Cre || Pen-2":0lig1-Cre
o n EIO'XPE HIO'XP | Pen-27*;Cre| x| Pen-27|
OIIg1-Crel Q& G&
loxP Pen-2*;Cre (Control) & ‘ O
Pen-24 -ﬂ—E-}- Pen-2:Cre (cKO) —
C D E
lPen-2f/+,'Cre,'meG ' | Pen-27:Cre;mTmG | _
| Pen-2"*;Cre| x| Pen-2":mTmG | 1o* 9 32120 = Con
O10* S et g g 100 B cKO
v : : 5 W
O10° S TR 60
Pen-27+;Cre;mTmG (Control) s . 2 i gg ‘2‘8
Pen-27;Cre;mTmG (cKO) AL NGRS BN S A oL 0
0 10°  10* 10° 0 10° 10* 10° X o
GFP GFP
F G
< B s
Olig1-Cre x| LSL-tdTomato | sl = 5
S 5 S
i o|d 5 pe
(B = Z
2 o >
. o) o o
\Olig1-Cre;LSL-tdTomato| <. =] <]

Olig1-Cre;LSL-tdTomato

cKO

Control @O = 93
LS 235
B Bm s 2w APP-FL 3 £ 200
| 9§ 130
0 R LS APPCTF 2% 100
8 o 50
0
— 0

- e» e e (3-actin

Figure 1.

H Control
B Pen-2 cKO

*k*k

APP-FL  APP-CTF

Generation and molecular characterization of OL lineage-specific Pen-2 cKO mice. 4, Strategy for the generation of Pen-2 cKO mice. B, Nissl staining. There was no

detectable change on brain morphology in Pen-2 cKO mice at P30 compared with controls. C, Breeding strategy for the generation of Pen-2 KO mice expressing mTmG. D,
Purification of GFP™ cells from control and Pen-2 cKO mice by FACS. Cortices from control (Pen-2"";0lig1-Cre;mTmG) and Pen-2 cKO (Pen-2"":0lig1-Cre;mTmG) mice at P11
were used. E, qRT-PCR analysis on Pen-2 mRNA in GFP™ cells collected from the above mice. There was a highly significant difference between two groups (Control: n=3;
Pen-2 cKO: n=4). p <0.001. F, G, Examination for Cre expression pattern using 0lig1-Cre;LSL-tdTomato mice (F). TdTomato was costained with 0lig2, but not Iba1 or NeuN,
in the mutant at P2. H, I, Western analysis for APP-FL and APP-CTF. These two proteins were detected by Western blotting (H). There were significantly increased levels of
APP-CTF but not APP-FL in Pen-2 cKO cortical samples compared with controls. ***p < 0.005. B-actin was used as the loading control (Control: n =3; Pen-2 cKO: n=4).

Scale bars: B, 1 mm; @, 100 um.

subcloned into pCDNAS5-HA plasmids. WT human Stat3 and inactive
human Stat3 constructs were gifts from Prof. Xinyuan Fu. Primer infor-
mation was included in Table 2.

Luciferase assay. Luciferase assay was performed using a method
described recently (Sehgal et al., 2009; Ning et al., 2019). The mouse
Stat3 promoter (from —1839 to 261 bp) was cloned from mouse NPCs.
The human GFAP promoter (from —1702to —5bp) was cloned from
DNAs of the h\GFAP-Cre mouse. These constructs were inserted into the
pGL3-luciferase vector (Promega). Hesl was cotransfected with Stat3-
Luc or hGFAP-Luc into HEK293T cells. Lipofectamine 2000 and 3000
(Invitrogen) was used for transfection. The cells were cultured for 48 h,
and cell extracts were assayed for luciferase activity by the dual-luciferase
reporter assay system (Promega). Primer information was included in
Table 2.

Experimental design and statistical analysis. Data were presented as
the mean = SEM. Two-tailed Student’s ¢ test was performed to examine
the difference between control and mutant mice. p < 0.05 was consid-
ered statistically significant.

Results

Generation and characterization of OL lineage-specific Pen-2
cKO mice

We generated OL lineage cells specific Pen-2 ¢cKO mice through
breeding Pen-2" with Pen-2"";0ligl-Cre (Fig. 1A). Pen-2 cKO
mice were born in expected Mendelian ratios and survived to
adulthood. Nissl staining showed comparable brain morphology
between control and Pen-2 ¢cKO mice at postnatal day 30 (P30)
(Fig. 1B). To examine whether Pen-2 was inactivated efficiently,
we obtained Pen-2"*;0ligl-Cre;mTmG and Pen-2"0ligl-Cre;
mTmG mice by crossing the mTmG (Muzumdar et al.,, 2007) to
Pen-2"";0ligl-Cre (Fig. 1C). RNA samples were prepared using
GFP-expressing cells purified from cortical tissues in the above
control and ¢cKO mice by the FACS technique (Fig. 1D). qRT-
PCR result did show extremely low levels of Pen-2 mRNA in
Pen-2";0ligl-Cre;m TmG compared with the control (Fig. 1E).
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Figure 2.  Enhanced generation of astrocytes in Pen-2 cKO mice. A, IHC on GFAP. There was increased immunoreactivity of GFAP in the cortex and the thalamus in Pen-2 cKO mice at P14
and P30 compared with age-matched controls. B, Averaged number of GFAP™ cells. There was a highly significant difference on the averaged number of GFAP™ cells between control and
Pen-2 cKO mice at P14 and P30 (n =6 mice per group). ****p << 0.001. (, Western blotting on GFAP. There was increased GFAP protein in the cortex of Pen-2 cKO mice compared with con-
trols at P14 (Control: n = 3; Pen-2 cKO: n = 4). GAPDH served as the loading control. D, Generation of Pen-2 cKO mice expressing GFP in astrocytes. pen-2" *-0lig1-Cre; hGFAP-GFP (control) and
Pen—Zf/f;OligI—Cre;hGFAP—GFP (Pen-2 cKO) mice were obtained. E, Abundant GFP™ cells were seen in the cortex and the thalamus in Pen-2 cKO mice at P14 compared with controls. F,
Representative images for fluorescence IHC on Aldh1l1. There was a significant difference on the averaged number of Aldh111™ cells between control and Pen-2 cKO mice at P30 (n =4 mice
per group). **** p < 0.001. G, Representative images for fluorescence IHC on S1003. There was a significant difference on the averaged number of $1003 * cells between control and Pen-
2 KO mice at P30 (n =4 mice per group). ****p < 0.001. Scale bars: A, 100 um; E-G, 50 um.
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Aldh111* cells in Pen-2 ¢cKO mice com-

Control |l Pen-2 cKO Control Pen-2 cKO pared with controls at P30 (Fig. 2F).
Second, the number of $1008 " cells was
also significantly increased in Pen-2 cKO
mice (Fig. 2G). The above observations
were consistent with those for GFAP™
cells (Fig. 2A,B), confirming excessive
generation of astrocytes in Pen-2 cKO
mice.

‘ Control | Pen-2 cKO . To study whether. there was apoptosis

T e W 5 w 120 NS wmCon in Pen-2 ch.(O mice, we performed

.g T 9100 m cKO TUNEL staining and IHC on cleaved cas-
3 _“'_’ ‘C&)‘ 80 pase 3 (CC3) using brain sections at vari-
0 Z O 60 ous ages. First, TUNEL" cells were not
-(..23. 2 9 ‘218 observed in the brain of control and Pen-
o5 2 cKO mice at P11 (Fig. 3A), P14 (Fig.
i 0 3A), or P30 (data not shown). Second,
CC3™ cells were not detected in control
Control [ Pen-2cKO | o 1207 NS moon and Pen-2 cKO mice at any age tested
_g % 5100 B cKO above (data not s.hown). These‘ﬁndmgs
5 38 E 80 suggest that deletion of Pen-2 in OPCs

qc) * 8 60 does not cause abnormal cell death.
= 8% 40 We then examined whether neurons
< % X 20 and microglia were affected in Pen-2 cKO

4

Figure 3.

mice at P14 (n = 4 per group). Scale bars: 4, 50 um; B, €, 100 um. NS, not significant.

To visualize the expression pattern of Cre, we generated a re-
porter line expressing LoxP-Stop-LoxP-tdTomato, namely,
Oligl-Cre;LSL-tdTomato (Fig. 1F). IHC results showed that
tdTomato was costained with Olig2 but not Ibal or NeuN in
Cre-expressing cells in the corpus callosum in OligI-Cre;LSL-
tdTomato mice at P2 (Fig. 1G). Western analysis revealed that
levels of full-length APP (APP-FL) were not changed but
those for C-terminal fragment of APP (APP-CTF) were
increased in Pen-2 cKO cortices compared with controls
(Fig. 1H,I). Thus, conditional deletion of Pen-2 caused sig-
nificantly decreased y-secretase activity in Pen-2 cKO mice.

Excessive generation of astrocytes in the CNS in Pen-2 cKO
mice
To examine astrocytes in Pen-2 ¢cKO mice, we performed
IHC on GFAP. We observed increased immunoreactivity of
GFAP in the cortex and the thalamus of Pen-2 ¢cKO mice at
P14 and P30 compared with controls (Fig. 2A4). Cell counting
results confirmed significantly increased number of GFAP ™"
cells in the brain of Pen-2 cKO mice (Fig. 2B). Western blot-
ting also showed significantly increased levels of GFAP in
Pen-2 cKO cortices compared with controls (Fig. 2C). Next,
we crossed the hGFAP-GFP mouse (Zhuo et al., 1997) to
Pen-2 cKO to obtain Pen-2"%;0ligl-Cre; hGFAP-GFP (Fig.
2D), in which abundant GEP™ cells were detected in the cor-
tex and the thalamus compared with control mice (Pen-2"";
Oligl-Cre;hGFAP-GFP) (Fig. 2E).

Moreover, we used Aldhlll and S1003 as two additional
markers of astrocyte to conduct IHC experiments. First, cell
counting results revealed significantly increased number of

Unchanged apoptosis and neuroinflammatory responses in Pen-2 cKO mice. A, TUNEL staining. No TUNEL™ cells
were observed in the cortex or the thalamus in control and Pen-2 cKO mice at P11 and P14. B, €, IHC on NeuN and Iba1.
There was comparable immunoreactivity of NeuN (B) or Iba1 () between control and Pen-2 cKO mice. There was no signifi-
cant difference on averaged number of NeuN™ (B) or Iba1™ (€) cells (in 1 mm® area) in the cortex of control and Pen-2 ckO

mice. First, NeuN immunoreactivity was
comparable between control and Pen-2
cKO mice at P30 (Fig. 3B). Cell counting
confirmed no significant difference on the
number of NeuN™ cells in the cortex
between control and Pen-2 ¢KO mice
(Fig. 3B), suggesting no detectable neuron
loss in Pen-2 cKO mice. Western analysis
revealed comparable levels for postsynap-
tic density protein 95 and synaptophysin between control and
Pen-2 cKO mice (data not shown). Second, IHC on Ibal was
conducted. However, we did not observe significant change on
the number of total Tbal™ cells in Pen-2 cKO cortices compared
with controls at P14 (Fig. 3C). Thus, deletion of Pen-2 in OL lin-
eages did not cause abnormal cell death or inflammatory
responses.

Reduced number of mature OLs and increased number of
OPCs in the cortex of Pen-2 cKO mice

To examine whether loss of Pen-2 affected mature OLs, IHC on
CCl1 was performed (Fig. 4A). We found that the averaged num-
ber of CC1" cells in the cortex and the thalamus was signifi-
cantly decreased in Pen-2 ¢cKO mice at P14 (Fig. 4B) and P30
(data not shown) compared with controls. Moreover, Western
blotting on Mbp and Plpl was conducted (Fig. 4C). We found
that protein levels for these two molecules were significantly
decreased in Pen-2 cKO cortices at P14 compared with controls
(Fig. 4D). Thus, deletion of Pen-2 caused significant reduction
on mature OLs.

To examine whether OPCs were affected, IHC on Olig2 (Fig.
5A) and Pdgfra (Fig. 5B) was conducted. We found that the
number of Olig2 " cells was increased in the cortex and the thala-
mus of Pen-2 cKO mice at P14 compared with controls (Fig. 5C).
The number of Pdgfra™ cells was also significantly increased in
the cortex and the thalamus in Pen-2 cKO mice at P14 (Fig. 5B,
C). Western analysis showed elevated levels of Olig2, Pdgfra,
and Sox10 in Pen-2 cKO cortices at P14 compared with controls
(Fig. 5D).
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To search for cellular mechanism re- A
sponsible for the change in OPCs in [ Cortex | [ Thalamus
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astrocytes from cre-expressing OPCs

in vivo and in vitro

To find out how excessive astrocytes were
generated, we performed lineage-tracing
experiments. The LSL-tdTomato mouse
was used to generate Pen-2 cKO-express-
ing tdTomato (Fig. 6A). Scarce GFAP™
cells were observed in the cortex in Pen-
2 +;Olig]—Cre;LSL—l‘dTormzto (control) at
P14, and they were not positive for tdTomato (Fig. 6B). In con-
trast, GFAP" /tdTomato " cells were abundantly detected in the
cortex in Pen—Zf/f;Oligl—Cre;LSL—thomato (Pen-2 cKO) mice
(Fig. 6C,D). The same results were obtained for the thalamus
(data not shown). The above observations suggest that GFAP™
astrocytes are generated from Cre-expressing cells in Pen-2 ¢cKO
mice.

To verify the above in vivo findings, we cultured OPCs usin;
cortices from Pen-2"*;0ligl-Cre;LSL-tdTomato and Pen-2",
Oligl-Cre;LSL-tdTomato mice at P8. OPCs were cultured in
OPC medium for 3 weeks, followed by OL medium for 8d
(DIV8). Few cells from control cultures but abundant cells from
Pen-2 cKOs were doubly positive for tdTomato and GFAP at
DIV8 (Fig. 6E). Cell counting results showed significantly
increased number of GFAP" cells in Pen-2 cKO cultures com-
pared with controls (Fig. 6F). In addition, Western blotting con-
firmed undetectable expression of Pen-2 in Pen-2 cKO OPCs
collected at the culture day 8 or 12 (Fig. 6G). Overall, these in
vitro results confirmed accelerated differentiation of OPCs into
astrocytes in Pen-2 cKO cultures compared with controls.

Figure 4.

Downregulation of Olig2 and Sox10 in OPCs undergoing
differentiation into astrocytes in the cortex of Pen-2 cKO
mice

We sought to identify a subgroup of OPCs, which underwent the
differentiation process to astrocytes in Pen-2 cKO mice. To this
end, we performed double-staining for Pdgfra and GFAP using
brain sections at P12. Indeed, we observed numerous Pdgfra "/
GFAP™ cells in the cortex (Fig. 7A) and the thalamus (data not
shown) of Pen-2 cKO mice. Moreover, apparent processes were
observed in Pdgfra" /GFAP™ cells, which morphologically looked

Decreased number of mature OLs in Pen-2 cKO mice. A, Representative images for CC1 IHC in the cortex and the
thalamus at P30. The boxed area of e’, f', g, or h" was enlarged as Ae, Af, Ag, or Ah. Scale bars: Aa-Ad, 50 um; Ae-Ah,
10 pm. B, Relative number of CC1™ cells in 1 mm? area. There were significant differences on the averaged number of CC17 cells
in the cortex and the thalamus between control and Pen-2 cKO mice at P14 (Control: n=4; Pen-2 KO: n=5). **p < 0.01. (,
Western blotting for Mbp and Plp1 at P14. D, Relative protein levels. There were significant differences on protein levels of Mbp
and Plp1 between control and Pen-2 cKO mice at P14 (Control: n =3 mice; Pen-2 cKO: n = 3 mice). *p << 0.05.

closer to astrocytes than to OPCs (Fig. 7B). Pdgfra was mainly
expressed in the cytoplasm in Pdgfra™/GFAP" and Pdgfra™/
GFAP™ cells (Fig. 7A,B). Quantification data showed that the ratio
of Pdgfra™/GFAP™ cells to Pdgfra™ cells was significantly higher
in Pen-2 cKO cortices than in controls (Fig. 7C). Overall, the dis-
covery of abundant Pdgfra™/GFAP™ cells provided direct evi-
dence supporting the conclusion that deletion of Pen-2 causes
enhanced transition of OPCs to astrocytes in the cortex.

Olig2 is known to play a critical role in regulating the OPC-
to-astrocyte switch (Zuo et al.,, 2018). Since increased levels for
Olig2 and Sox10 (Fig. 5D) are mixed effects from all types of
cells, we reason that these changes may be because of larger pop-
ulation of OPCs in Pen-2 cKO cortices than in controls. To study
whether Olig2 and Sox10 also exhibited upregulation in OPCs,
which were differentiating to astrocytes, we compared expression
levels of these two molecules in Olig2" cells, which were either
positive or negative (-) for GFAP in Pen-2 cKO mice. First, we
conducted double-staining for Olig2 and GFAP using brain sec-
tions at P12. There were abundant Olig2“/GFAP™ cells in the
cortex (Fig. 7D) and the thalamus (data not shown) in Pen-2
cKO mice but not controls. There results were consistent with
those for Pdgfra"/GFAP™" cells (Fig. 7A). Fluorescence intensity
of Olig2 was measured (Fig. 7E), and it was significantly
decreased in Olig2"/GFAP™ cells compared with neighboring
Olig2 " /GFAP cells in Pen-2 cKO cortices (Fig. 7F). Second, we
conducted triple staining for Olig2, Sox10, and GFAP (Fig. 7G).
Fluorescence intensity of Sox10 was then quantified. It was sig-
nificantly reduced in Olig2*/Sox10"/GFAP" cells compared
with Olig2"/Sox10"/GFAP™ cells in the same image (Fig. 7H).
Overall, these results are in agreement with the notion that Olig2
and Sox10 are downregulated in order that OPCs are able to exit
the OL lineage program (Zhang et al., 2016; Zuo et al., 2018).
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(Fig. 8F). Second, we conducted
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Enhanced OPC-to-astrocyte differentiation in inducible Pen-
2 ¢cKO mice

To confirm the finding that Pen-2 is important for the OPC-to-
astrocyte differentiation, we crossed the NG2-CreERT2 mouse
to Pen-2" to generate OPC-specific Pen-2 icKO mice using a
protocol shown in Figure 8A. We then used a method
described recently (Huang et al., 2014) to induce Cre expres-
sion (Fig. 8B). To check the expression pattern of Cre, we
performed costaining of tdTomato/Olig2 using brain sec-
tions prepared from NG2-CreERT2;LSL-tdTomato mice at
P21 (Fig. 8C). We found that the ratio of tdTomato */Olig2 ™"
cells to Olig2™ cells was >60% (Fig. 8D). Thus, the above
induction method was quite efficient.

To find out whether NG2-CreERT2-mediated deletion of Pen-2
affected astrogliogenesis, we first conducted costaining of GFAP/
tdTomato using brain sections at P21 (Fig. 8E). We found that Pen-
2 icKO cortices exhibited significantly increased ratio of GFAP™/
tdTomato™ cells to tdTomato " cells compared with controls

Increased number of OPCs in Pen-2 cKO mice. A, IHC on Olig2. Images for the cortex and the thalamus at P14 are
shown. B, IHC on Pdgfrce. Boxed areas in Ba and Bb were enlarged as Be and Bf, respectively. Scale bars: Ba-Bd, 50 um; Be,
Bf, 10 um. €, Relative number of Olig2™ and Pdgfre™ cells in 1 mm” area in the cortex and the thalamus. There were signifi-
cant differences on relative numbers for Olig2™ and Pdgfrar™ cells between control and Pen-2 cKO mice at P14 (n =4 mice per
group). **p << 0.01. ***p < 0.005. D, Western blotting for Olig2, Pdgfrcy, and Sox10. There were significant differences on rela-
tive levels for Olig2, Pdgfree, and Sox10 between control and Pen-2 cKO mice at P14 (Control: n=3; Pen-2 KO: n=4).
*¥p < 0.01. **p << 0.005. GAPDH served as the loading control. E, Representative images for double immunostaining for
Pdgfre and BrdU. BrdU was injected into mice at P7. Images were taken from the cortex. Scale bar, 50 um. F, Percentage of
Pdgfre " /BrdU™ cells to Pdgfrar™ cells in the cortex. There was a highly significant difference between control and Pen-2 ck0
mice (Control: 100 = 2.9%, n =4 mice; Pen-2 cKO: 168.4 == 4.4%, n =4 mice). ****p < 0.001.

| F

(Fig. 8G). There was significantly
increased ratio of  Aldhll1"/
tdTomato™ cells to tdTomato™ cells
in Pen-2 icKO cortices (Fig. 8H).
Since GFAP'/tdTomato" and
Aldh1l1*/tdTomato™ cells repre-
sented astrocytes that were derived
from Cre-expressing OPCs in Pen-2
icKO mice, the above results suggest
that NG2-CreERT2-mediated dele-
tion of Pen-2 causes increased dif-
ferentiation of OPCs into astrocytes.

To study whether there were
changes in OPCs in Pen-2 icKO mice,
we conducted costaining of Pdgfra/
tdTomato using P21 brain sections
(Fig. 8I). Quantification data revealed
that relative number of Pdgfra™/
tdTomato™ cells was significantly
increased in Pen-2 icKO cortices com-
pared with controls (Fig. 8J). As
expected, relative number of Pdgfra "/
. tdTomato™ cells in the cortex was not
different between control and Pen-2
icKO mice (Fig. 8)), indicating that
OPCs without Cre expression were not
significantly affected.

Olig2
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Enhanced expression of Stat3 in
Pen-2 cKO mice

To identify the underlying molecular
mechanisms, we focused on Nfia and
Stat3, since these two transcriptional
factors are critical for NPCs to differ-
entiate into astrocytes (Fan et al., 2005;
Tiwari et al., 2018). We prepared RNA
samples from GFP' cells collected
from cortices of Pen-2"";0ligl-Cre;
mTmG and Pen-2"0ligl-CresmTmG
mice at P11 by the FACS (Fig. 9A).
First, qRT-PCR analysis revealed sig-
nificantly reduced levels of Hesl in
Pen-2 cKO GFP™ cells compared with
controls (Fig. 9A), suggesting that
inactivation of Pen-2 inhibits the Notch signaling. Second, we
observed highly increased Stat3, but not Nfia, in Pen-2 cKO
GFP™ cells (Fig. 9A).

To visualize the expression pattern of Stat3 in Pen-2 cKO
mice, we performed IHC on Stat3. There was increased Stat3 im-
munoreactivity in the cortex (Fig. 9B) and the thalamus (data
not shown) in Pen-2 cKO mice at P14 compared with controls.
In addition, numerous Stat3"/GFAP™ cells were detected in the
brain of Pen-2 cKO but not control mice (Fig. 9B). Western blot-
ting showed increased levels of Stat3 and pStat3¥’*> but not
Hdac3 in the cortex of Pen-2 cKO mice compared with controls
(Fig. 9C). qRT-PCR analysis confirmed significantly increased
levels of Stat3 and GFAP but not Hdac3 in cortical RNA samples
in Pen-2 cKO mice at P14 (Fig. 9D). Furthermore, we cultured
OPCs from cortices of control and Pen-2 ¢cKO mice (Fig. 9E).
Western blotting revealed increased levels of Stat3 and GFAP in
Pen-2 cKO cultures compared with controls (Fig. 9E).

Ratio of Pdgfra+/BrdU+ cells
to Pdgfra+ cells (%)
=)
I
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Derivation of astrocytes from OPCs in vivo and in vitro. A, Breeding strategy for the generation of Pen-2 cKO mice expressing tdTomato. Pen-2” *-0lig1-Cre;L SL-tdTomato and Pen-

Zf/'(;Olig 1-Cre;LSL-tdTomato were used. B, , Double-staining of GFAP/tdTomato for control (B) and Pen-2 cKO (€) mice. There was costaining for GFAP and tdTomato in the cortex of Pen-2 KO
but not control mice. D, Enlarged image for the boxed area in €. E, Double-staining for GFAP and tdTomato in OL cultures. OPCs/OLs were cultured from Pen-2""*;0lig1-Cre;LSL-tdTomato and
Pen-2"" f;Oligi—(re;LSL—thomato cortices. Cultures at DIV8 were used for immunostaining. F, Ratio of GFAP™ cells to DAPI™ cells. There was a significant difference between Pen-2" +,'0//'gi-Cre,'
LSL-tdTomato and Pen-2"0lig1-Cre;LSL-tdTomato cell cultures at DIVS. ***p < 0.005. G, Western blotting on Pen-2. Lysates were prepared from cultured OPCs at the culture day 8 and 12.
Pen-2 was detected in control but not Pen-2 cKO OPC cultures. Scale bars: B, €, E, 50 pm; D, 10 pum.

Regulation on Stat3 by Pen-2 via Hesl

Notch, APP, ErbB2 receptor tyrosine kinase 4 (ErbB4), neurotro-
phic tyrosine kinase receptor Type 2 (TrkB), p75 neurotrophin
receptor (P75), low-density lipoprotein receptor-related protein
1 (Lrpl), lymphocyte antigen 6 complex (Dag), Eph receptor A4
(EphA4), and chondroitin sulfate proteoglycan 4 (NG2) are well-
known substrates to be cleaved by 7y-secretase to produce differ-
ent types of intracellular domains (ICDs) (Lee et al., 2002; De
Strooper, 2003; Mei and Nave, 2014). To examine whether Stat3
could be regulated by any of the above y-secretase cleavage
products, we conducted a number of luciferase experiments.
Plasmid expressing Notchl ICD, AICD, ErbB4 ICD, TrkB ICD,
P75 ICD, Lrpl ICD, Dag ICD, EphA4 ICD, NG2 ICD, N-cad-
herin ICD (N-cad ICD) or Hesl was cotransfected with the lucif-
erase reporter under the Stat3 promoter in HEK293T cells. We
found that expression of Hesl, but none of the above ICDs

repressed the Stat3 promoter activity (Fig. 10A). Moreover, Hesl
exhibited a dosage-dependent effect on luciferase activity for the
Stat3 promoter (Fig. 10B).

To further explore molecular mechanisms, we performed
fragment analysis on the Stat3 promoter (Fig. 10C). Hesl is a
bHLH transcription factor which binds to the N box
(CACNAG) but not the E box (CANNTG) in the promoter of its
targeted genes (Ohsako et al.,, 1994; Kageyama et al., 2007). We
conducted luciferase experiments using four plasmids containing
different regions of the Stat3 promoter. We found that expres-
sion of Hes1 repressed luciferase activities for Fragments 1 and 2,
but not 3 and 4 (Fig. 10C). Therefore, the promoter region from
-1338 to —834 bp upstream of the transcriptional start site (TSS)
in Stat3 was critical for Hesl to inhibit Stat3 expression.

To find out whether GFAP could be directly regulated by any
y-secretase cleavage product, HEK293T cells were cotransfected



Hou, Bi etal.  Pen-2 and Oligodendrocyte Precursor Cells J. Neurosci., June 9, 2021 - 41(23):4976-4990 - 4985

| Pdgfra I GFAP | Pdgfra/lGFAP | Pdgfra/GFAP |

—
N A OO O O
| I T I T N T N |

Ratio of Pdgfra+/GFAP+ O
cells to Pdgfro+ cells

D

Olig2 GFAP Merge Olig2 GFAP

Control Pen-2 cKO

| Merge

| GFAP | Olig2 | Merge |

1207 sk O0Olig2+/GFAP-
] O0lig2+/GFAP+

-
o
T

[0}
o
1

Pen-2 cKO

Relative fluorescence
intensity of Olig2
(o]
o
1

]
T

| || Olig2 || Sox10 || Merge | ©1209 ****  @Qlig2+/GFAP-

100 OOlig2+/GFAP+

Pen-2 cKO
Relative fluorescence

Figure 7.  Decreased expression of 0lig2 and Sox10 in OPCs undergoing differentiating into astrocytes in Pen-2 cKO mice. A, Representative images for double-staining of Pdgfra/GFAP in
the cortex of Pen-2 cKO mice at P12. Yellow arrowheads indicated Pdgfra™/GFAP™ cells. B, Enlarged images for the boxed area in A. Yellow arrowheads indicate two Pdgfra:™/GFAP™ cells.
Pdgfrer was colocalized with GFAP in the cytoplasm. €, Percentage of Pdgfrar* /GFAP™ cells to Pdgfrae™ cells in P12 cortices. There was a highly significant difference between control and
Pen-2 cKO mice. ****p < 0.001. D, Representative images for double-staining of GFAP/Olig2. GFAP™ /0lig2 ™ cells were abundantly detected in the cortex of Pen-2 cKO but not control mice at
P12. E, Enlarged images for the boxed area in D. White arrowhead indicates an Olig2™/GFAP™ cell. Yellow arrowheads indicate two adjacent Olig2 " /GFAP™ cells. F, Percentage of fluorescence
intensity of Olig2 in Olig2 " /GFAP™ cells to that in Olig2* /GFAP™ cells. There was a highly significant difference on relative fluorescence intensity of Olig2 between Olig2™ /GFAP™ and
0lig2 " /GFAP™ cells in the cortex of Pen-2 cKO mice at P12 (n = 24 cells per group from 3 animals). ****p < 0.001. G, Representative images for costaining of GFAP/Olig2/Sox10 in the cortex
of Pen-2 cKO mice at P12. White arrowhead indicates an Olig2™/Sox10™ /GFAP™ cell. Yellow arrowheads indicate two Olig2/Sox10™ /GFAP™ cells. H, Percentage of fluorescence intensity of
Sox10 in Olig2 " /Sox10* /GFAP™ cells to that in Olig2 " /Sox10™ /GFAP™ cells. There was a highly significant difference on relative fluorescence intensity of Sox10 between Olig2 ™ /Sox10™/
GFAP™ and Olig2* /Sox10™* /GFAP™ cells in the cortex of Pen-2 cKO mice (n = 24 cells per group from 3 animals). ****p < 0.001. Scale bars: 4, D, 50 um; B, E, G, 10 um.

with plasmids expressing luciferase system driven by the GFAP  Discussion

promoter and one of the above ICDs. However, neither ICD nor Accumulating evidence has shown that astrocytes can be
Hes1 significantly inhibited the promoter activity of GFAP (Fig. generated from OPCs and NPCs in the cortex (Belachew et
10D). We found that expression of activated Stat3, human Stat3,  al., 2003; Cai et al., 2007; Freeman, 2010; Namihira and
or mouse Stat3 enhanced the promoter activity of GFAP (Fig.  Nakashima, 2013; Huang et al., 2014, 2018). Here we show
10E). In contrast, inactive Stat3 did not change the promoter ac-  that deletion of Pen-2 results in increased number of astro-
tivity of GFAP (Fig. 10E). cytes. Whereas deletion of Pen-2 does not cause abnormal
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Figure 8. Increased differentiation of OPCs to astrocytes in Pen-2 icKO mice. A, Breeding strategy for Pen-2 ickO mice. Pen-2"" :NG2-CreERT2:LSL-tdTomato and Pen-2""NG2-CreERT2:LSL-
tdTomato were used as control and Pen-2 icKO, respectively. B, Pen-2"";NG2-CreERT2;LSL-tdTomato and Pen-2":NG2-CreERT2:LSL-tdTomato mice received tamoxifen from P1 to P4 from their
lactating mothers by intraperitoneal injection. €, Costaining of 0lig2/tdTomato in the cortex of NG2-CreERT2;LSL-tdTomato mice at P21. Scale bar, 50 um. D, Percentage of Olig2 * /tdTomato™
cells to Olig2™ cells. The ratio was ~64% in NG2-CreERT2;LSL-tdTomato mice at P21 (n =4 mice). E, Representative images for costaining of GFAP/tdTomato in cortices of control and Pen-2
icKO mice. Boxed areas in Ea and Eb were enlarged as Ec and Ed, respectively. Scale bars: Ea, Eb, 50 um; Ec, Ed, 10 pum. F, Percentage of GFAP™ /tdTomato ™ cells to tdTomato™ cells. There
was a highly significant difference between control and Pen-2 ickO mice at P21 (n = 4 mice per group). ****p < 0.001. G, Representative images for costaining of Aldh111/tdTomato in cortices
of control and Pen-2 ickO mice. Boxed areas in Ga and Gb were enlarged as Gc and Gd, respectively. Scale bars: Ga, Gb, 50 um; Gc, Gd, 10 um. H, Percentage of Aldh111™ /tdTomato™ cells
to tdTomato ™ cells. There was a highly significant difference between control and Pen-2 ickO mice at P21 (n =4 mice per group). ****p << 0.001. /, Representative images for costaining of
Pdgfrc/tdTomato. Boxed areas in fa and Ib were enlarged as Ic and Id, respectively. Scale bars: la, Ib, 50 um; Ic, Id, 10 um. J, Relative number of Pdgfra:* /tdTomato ™ cells in Pen-2 ickO
mice to controls. There was a significant difference on Pdgfre™* /tdTomato ™, but not Pdgfrer™ /tdTomato™ cells, between control and Pen-2 ickO mice (n = 4 mice per group). **p << 0.01, NS,
not significant.

neuronal death or enhanced neuroinflammatory responses, in Pen-2 cKO and Pen-2 icKO mice. Mechanistically, we
it leads to increased number of OPCs but reduced population =~ demonstrate that Stat3 is a key transcriptional factor to regu-
of OLs. Fate-mapping experiments reveal that abnormally late Pen-2-dependent astrogliogenesis from OPCs in the cor-
generated astrocytes are derived from Cre-expressing OPCs  tex (Figs. 9, 10).
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ses on Hdac3, Stat3, and pStat3'’® in the cortex. There were significant differences on levels of Stat3 and pStat3'"’® but not Hdac3 between control and Pen-2 cKO mice at P14 (Control:
n=3; Pen-2 cK0: n=4). **p < 0.01 for Stat3 and pStat3"*. GAPDH served as the loading control. D, qRT-PCR analyses on Hdac3, Stat3, and GFAP mRNAs in the cortex. There were signifi-
cant differences on levels of Stat3 and GFAP but not Hdac3 between control and Pen-2 cKO mice at P14 (n =4 mice per group). *p << 0.05 for Stat3. **p << 0.01 for GFAP. E, Costaining for
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Stat3 and GFAP. There were increased levels of Stat3 and GFAP in Pen-2 cKO cultures at DIV8 compared with controls (n = 4 per group). Scale bars: B, E, 50 ptm. NS, not significant.

Although Notchl is a major +y-secretase substrate (De
Strooper, 2003), Notchl ¢cKO mice (Wang et al., 1998; Genoud et
al,, 2002; Woodhoo et al., 2009; Zhang et al., 2009) exhibit dis-
tinct phenotypes from those in Pen-2 cKO animals. Therefore,
the role of 7y-secretase in OPCs is different from that of Notchl.
This discrepancy may be solved by the following explanations.
Since y-secretase cleaves all Notch receptors, phenotypes in Pen-
2 cKO and Pen-2 icKO mice could be caused by complete inhibi-
tion of Notch function. In contrast, the remaining Notch recep-
tors (e.g., Notch2/3/4) may produce partial compensatory effects
on astrocyte development in Notchl ¢KO mice (Wang et al,
1998; Genoud et al., 2002; Zhang et al., 2009). Although inhibi-
tion on 7-secretase activity in OLs enhances myelination
(Watkins et al., 2008), it is unknown whether it also promotes
astrogliogenesis. Nevertheless, the Watkins et al. (2008) study is
not contradictory to this one, since y-secretase activity is com-
pletely abolished in OPCs and OLs in Pen-2 cKO mice.

It has well been established that OPCs possess multipotency
for differentiation in the cortex (Belachew et al., 2003; Cai et al.,
2007; Huang et al., 2014; Zuo et al., 2018). Whereas mechanisms
by which NPCs differentiate into astrocytes have well been
defined (Freeman, 2010; Imayoshi and Kageyama, 2014), those
governing OPCs to differentiate into astrocytes are not well
understood. We report excessive astrogliogenesis in the cortices
of Pen-2 cKO mice. Results on TUNEL, NeuN, and Ibal have
excluded the possibility that abnormal astrocyte generation in
Pen-2 cKO mice is astrogliosis. The following observations have

led us to conclude that deletion of Pen-2 causes enhanced OPC-
to-astrocyte differentiation. First, the number of GFAP'/
tdTomato " cells is increased in Pen-2 cKO or Pen-2 icKO mice
expressing tdTomato compared with controls. Second, there is
larger quantity of Pdgfra™/GFAP™ and Olig2™/GFAP™ cells in
Pen-2 cKO cortices than in controls. Third, the number of
Aldh1l1*/tdTomato ™ cells is increased in Pen-2 icKO cortices.

Previous evidence has shown that Hdac3 and Olig2 play criti-
cal roles in the fate switch of OPCs into astrocytes (Zhang et al,,
2016; Zuo et al., 2018). Since protein and mRNA levels of Hdac3
are not significantly changed in Pen-2 cKO cortices, Hdac3 may
not be involved in Pen-2-dependent differentiation of OPCs into
astrocytes. Although there are increased levels of Olig2 and
Sox10 in Pen-2 cKO cortical samples, these changes may be
because Pen-2 cKOs have larger amount of OPCs than controls
do. Interestingly, we find that the expression of Olig2 and Sox10
is significantly decreased in OPCs, which undergo differentiating
into astrocytes in Pen-2 cKO cortices. Thus, this observation is
consistent with a widely accepted concept that downregulation
of Olig2 and Sox10 is required for OPCs to exit the OL lineage
program (Zhang et al., 2016; Zuo et al., 2018).

This study reveals that deletion of Pen-2 leads to increased
number of OPCs but decreased number of OLs in the cortex.
Since proliferation of OPCs is enhanced in the cortex of Pen-2
cKO mice, this may account for the increase in the OPC number.
However, we cannot exclude the possibility that OPCs may com-
pensate for the loss of OPCs that are becoming astrocytes in Pen-
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Figure 10.

Regulation of Stat3 expression by Hes1. A, Luciferase assay on the promoter activity of Stat3 using HEK293T cells. Expression of Notch1 ICD, AICD, TrkB ICD, P75 ICD, Lrp1 1D,

Dag 1CD, EphA4 ICD, NG2 ICD, or N-cad ICD did not affect the luciferase activity of the Stat3 promoter (n =4 replicates). Expression of Hes1 significantly repressed the luciferase activity of the
Stat3 promoter (n=4 replicates). ***p << 0.005. B, Hes1 repressed the luciferase activity of the Stat3 promoter in a dosage-dependent manner in HEK293T cells (n=4 replicates).
**¥%p < 0.005. €, Luciferase assay on various fragments of the Stat3 promoter. Hes1 repressed the luciferase activity for Fragments 1 and 2 but not for Fragments 3 and 4 (n = 4 replicates).
*p < 0.05. **p < 0.01. D, Luciferase assay on the GFAP promoter. Expression of Notch1 1CD, AICD, TrkB ICD, P75 ICD, Lrp1 I(D, Dag (D, EphA4 I(D, NG2-ICD, N-cad ICD, or Hes1 did not affect
the luciferase activity of the GFAP promoter (n = 4 replicates). E, Luciferase assay on the GFAP promoter. Expression of activated Stat3, human Stat3, or mouse Stat3 significantly inhibited the
luciferase activity of the GFAP promoter. Expression of inactive Stat3 did not affect (n =4 replicates). *p << 0.05. ***p << 0.005. F, A schematic model for the fate switch of OPCs into astrocytes
regulated by Pen-2. First, deletion of Pen-2 leads to downregulation of Hes1 by blocking the cleavage of Notch receptors. Second, Hes1 negatively regulates the expression of Stat3. Third, acti-
vation of Stat3 promotes GFAP expression. Stat3 and GFAP together trigger the differentiation of OPCs into astrocytes. NS, not significant.

2 cKO mice. The following explanations may help answer why
the number of OLs is decreased in Pen-2 cKOs. First, since dele-
tion of Pen-2 promotes OPCs differentiating into astrocytes, this
may diminish the pool of OPCs to take the route for OL differen-
tiation, and eventually reduce the number of mature OLs.
Second, at the molecular level, deletion of Pen-2 causes upregula-
tion of STAT3 and GFAP, key transcriptional factors to control
astrocyte fate. High levels of these molecules may inhibit the
expression of Olig2 and Sox10 so that OL differentiation is
impaired.

Stat3 is an important transcriptional factor to regulate astro-
cyte differentiation (Fan et al, 2005). We demonstrate that
expression of Hesl inhibits the promoter activity of Stat3 in a
dosage-dependent manner, and that expression of Stat3

enhances the promoter activity of GFAP. We reason that deletion
of Pen-2 sequentially induces activation of Stat3 and GFAP,
which drives the OPC-to-astrocyte differentiation and may in
turn inhibit the expression of Olig2. This explanation helps
understand why Olig2 is downregulated in Olig2"/GFAP™ cells
compared with Olig2 "/GFAP™ cells. Since this study has uncov-
ered mechanisms by which Pen-2 regulates the fate switch of
OPCs into astrocytes, a cellular model is proposed to highlight
key molecular events related to this process (Fig. 10F). First, dele-
tion of Pen-2 prevents the cleavage of Notch receptors, which
leads to decreased Hes]1 levels. Second, Hes1 regulates expression
of Stat3 through binding to a specific region of the Stat3 pro-
moter. Third, elevated Stat3 activates GFAP expression, which
drives OPCs to differentiate into astrocytes.
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Since mutations on 7y-secretase subunits cause various brain
disorders (Dermaut et al., 2002; Sala Frigerio et al., 2005; Shen
and Kelleher, 2007; Zhong et al., 2009; Forzano et al., 2012; Gana
et al.,, 2012), findings in this study may provide insights on the
developmental etiology for abnormal astrogliogenesis in these
diseases. Although this study has shown that Pen-2 plays a criti-
cal role in OPC development, mechanisms are unknown. It has
recently been reported that inhibition of the Notch signaling
results in increased mRNA levels of Olig2 (Sagner et al., 2018).
Thus, there is a possibility that conditional deletion of Pen-2 in
OL lineages causes increased number of OPCs via regulation of
Olig2. Further investigations are warranted to dissect the under-
lying molecular mechanisms in near future.
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