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The role of protein phosphatase 2
function of PP2ACa in neurogenes:
Cre/LoxP system and generated the'

(PP2ACq) f in development is poorly understood. To understand the
aca gene in the central nervous system (CNS) of mice by
mice (designated as the Pp2aca’/ ~ mice). PP2ACa de-

ells (NPCs), which impairs memory formation and cortical

0 nuclei and interact with homeodomain interacting protein kinase 2 (HIPK2) to
bly, HICI plays a direct transcriptional regulatory role in HIPK2 gene expression.
and HIPK2 maintains DNA stability in neuroprogenitor cells. Taken together, our
eVOf PP2ACa in regulating early neurogenesis through maintaining DNA stability in
P53/HIC/HIPK2 regulation loop, directly targeted by the ATR/ATM cascade, is in-
A repair in neuroprogenitor cells.

1. Introduction

Protein kinases and

cells (Lyu et al., 2013; Mayer et al.,
998; Shenolikar, 1994; McCright et al., 1996;
Inoue et al., 1999; X be et al., 1997; Kins et al., 2003; Louis et al.,
2011; Kamibayashi a Mumby, 1995; Oliver and Shenolikar, 1998;
Alonso et al., 2004; Millward et al., 1999; Sontag et al., 1995; Barford,
1996; Bononi et al., 2011; Mumby and Walter, 1993; Chen et al., 2016;

cell cycle pro$

1991; Santoro €%

Lucas and Armstrong, 2015; Janssens and Goris, 2001; Okamoto et al.,
1996). Previous studies have reported that PP2AC protein positively
responds to a series of extra-cellular signals including hormones,
growth factors and inflammatory cytokines, regulating cellular meta-
bolism, RNA splicing, transcription, translation, cell cycle progression
and oncogenic transformation (Lyu et al., 2013; Mayer et al., 1991;
Santoro et al., 1998; Shenolikar, 1994; McCright et al., 1996; Inoue
et al., 1999; Kawabe et al., 1997; Kins et al., 2003; Louis et al., 2011;
Kamibayashi and Mumby, 1995; Oliver and Shenolikar, 1998; Alonso
et al., 2004; Millward et al., 1999; Sontag et al., 1995; Barford, 1996;
Bononi et al., 2011; Mumby and Walter, 1993; Chen et al., 2016; Lucas
and Armstrong, 2015; Janssens and Goris, 2001; Okamoto et al., 1996).

DNA damage response (DDR) plays a vital role in maintaining the
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genetic stability of eukaryotic cells. DNA damage can be categorized 2.3. Gene expression assay and virus transfection
into two forms: DNA double strand breaks (DSBs) and DNA single
strand break (SSB), based on the severity of DNA strand breaks. For miRNA, RNA samples were extracted from the cells treated with

Following DSBs, NBS1 protein interacts with phosphorylated histone TRIzol (Invitrogen). TagMan miRNA assays (Applied Biosystems) were
H2AX (yH2AX), promoting the nuclear translocation of the MRE11/ used to quantify mature miRNA expression. The efficiency of miRNA
RAD50 repair complex to the sites of DSBs, and subsequently activating levels were analyzed by qPCR using Fast SYBR Green Master Mix

the Ataxia telangiectasia mutated kinase (ATM) and check point ki- (Applied Biosystems). For knock-down experiments, Lipofectamine
nasel (CHK1) cascade (Riches et al., 2008; Lee and Paull, 2005; RNAIMAX (Invitrogen) was used to transfect siRNAs into cells.
Difilippantonio and Nussenzweig, 2007; Jazayeri et al., 2008; D’ For gene over-expression assay, we used lentiviral vector system.
Amours and Jackson, 2002; Stracker and Petrini, 2011; Stiff et al., Briefly, the transfer plasmid encoding insert of interest, two packaging
2005). Moreover, NBS1 protein also plays a vital role in single-strand plasmids, envelope plasmid were transferred into 293T cells. After cell
break (SSB)-mediated ATR activation and the subsequent phosphor- culture for 48-72h, wviral supernatants were harvested.
ylation of CHK1 in DDR (D’ Amours and Jackson, 2002; Lee and Paull, Neuroprogenitor cells were infected with pernatant for 24 h, at
2005; Difilippantonio and Nussenzweig, 2007; Jazayeri et al., 2008; D’ MOI 1000, and selection was begun 48 jz ‘ gocin (100 mg/ml)
Amours and Jackson, 2002; Stracker and Petrini, 2011; Stiff et al., (Invitrogen Life Technologies). All g pre purified and
2005). amplified using QIAGEN Plasmid n1% i i mber 12,163).
The roles of PP2ACa protein in brain development are poorly un- Lentiviral packaging was i gihackaging mix
derstood. To solve this problem, attempt had been made to inactivate (Invitrogen Life Technologj fpty vector (the
Pp2aca gene in the central nervous system (CNS) neuronal cells. When i Cst), two packaging
Pp2aca gene was specifically inactivated in the CNS neuronal cells by i rred into 293T cells, and
Cre/LoxP system, brain phenotype characterized by microcephaly ap- . s, neuroprogenitor cells

peared in mice at early postnatal stage. Based on it, we deeply in-
vestigated the molecular mechanisms underlying microcephaly, and
highlighted that PP2ACa could regulate DNA repair through the ATR- 4. i coimmun8precipitation and GST pulldown
P53-HIC1-HIPK2 cascade in neuronal progenitor cells.

2. Materials and methods i uffer. Protein samples (20-100 pg) were loaded on
2.1. Mouse model i branes. After 1h treated in blocking solution (5%

rimary antibodies diluted in 5% non-fat milk in TBS/0.1%
overnight at 4°C. After washing by PBS buffer for three
mes, membranes were incubated with horseradish peroxidase con-
jugated-secondary antibodies for 1h at 4 °C. Bands were detected by
ECL reagents (Invitrogen). The primary antibodies were listed as fol-
lowing: anti-PP2ACa antibody (1:1000, Cell signaling, Danvers, USA),
anti-PP4C antibody (1:1000, Cell signaling, Danvers, USA), anti-PP6C
antibody (1:1000, Cell signaling, Danvers, USA), anti-activated
floxed mice. The LoxP-floxed mice int Caspase-3 antibody (Aspl75) (1:1000, Cell signaling, Danvers, USA),
mice. The genotype of PP2ACa ™/ % anti-PCNA (PC10) antibody (1:1000, Cell signaling, Danvers, USA),
blot and Immunoblotting assay. i nly compared the anti-phospho ATR at Ser428 antibody (1:500, Cell signaling, Danvers,
mice with Pp2aca gene flo d Cre positive USA), anti-ATR antibody (1:1000, Cell signaling, Danvers, USA), anti-
(mutant) with the mice t ATM (D2E2) antibody (1:1000, Cell signaling, Danvers, USA), anti-
and Cre negative. Pp2a ssion was not altered in mice phospho ATM at Ser1981 antibody (1:500, Millipore, Massachusetts,
models. USA), anti-phospho CHK2 at Ser383 antibody (1:1000, Cell signaling,
Danvers, USA), anti-CHK2 antibody (1:1000, Cell signaling, Danvers,
USA), anti-phospho CHK1 at Ser345 antibody (1:500, Cell signaling,

Mouse experimental procedures were conducted in accordance
NIH guidelines for animal research and were approved by
Institutional Animal Care and Use Committee (IACUC) ai
Maryland School of Medicine. In this study, we used
to conditional knock-out Pp2aca gene in the CNS
Briefly, prepared for target gene vectors, modi
two LoxP sites, cultured embryonic stem
floxed Pp2aca gene into embryonic stem

<
@
=
w
g

2.2. Prima i Danvers, USA), anti-CHK1 (2G1D5) antibody (1:500, Cell signaling,
Danvers, USA), anti-P53 antibody (1:1000, Cell signaling, Danvers,
The embryo USA), anti-HIClantibody (1:1000, Cell signaling, Danvers, USA), anti-
and ependymal tis: ere isolated from brain tissues under dissecting HIPK2 antibody (1:1000, Cell signaling, Danvers, USA), anti-beta actin
microscope. Afterw: ssues were digested by 0.05% trypsin for antibody (1:2000, Cell signaling, Danvers, USA), anti-GAPDH antibody
15 min, suspension was centrifuged for 15min at 1000 r/min. Cells (1:2000, Cell signaling, Danvers, USA). The corresponding secondary
were cultured in the NSC expansion medium containing Dulbecco’s antibodies (1:3000, Cell signaling, Danvers, USA) were used to react
Modified Eagles’s Medium (DMEM)/F12 medium (Gibco/Invitrogen, with primary antibodies. The final results were obtained from at least
Carlsbad, CA) with 1-glutamine, B27 supplement, 1 X solution of peni- three independent experiments.
cillin, streptomycin and fungizone, and basic fibroblast growth factor Anti-Flag and anti-PP2ACa antibodies were coupled to protein G-
(bFGF, 20 ng/mL). Cells were maintained at 37 °C in a 5% CO5 humi- Sepharose and blocked with BSA. The beads were used to precipitate
dified incubator and were subjected to subculture once time every 3—4 tagged proteins from cell extracts in RIPA buffer for 1h at 4C. The
days. The purity and specificity of cultured NPCs was confirmed by the beads were washed three times with RIPA buffer, boiled in sample
immunofluorescent assay of nestin. To induce DNA damage in cells, buffer, and electrophoresed on an SDS polyacrylamide gel. After
NPCs were exposed to irradiation IR (4Gy) at distinct time points ac- transfer to a PVDF membrane, the bound fraction was assayed for HIC1,
cording to research plan, or treated with 2 mmol HU for 3-5 h. To in- HIPK2, ATM and ATR by immunoblotting using corresponding anti-
hibit PP2ACa gene expression, 20umol okadaic acid was added into bodies, respectively.
culture medium for 48 h. GST Pulldown assay: GST and GST-HIPK2 were coupled to
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glutathione-Sepharose beads and blocked with bovine serum albumin and scored. The number of nuclei with the comet tails was counted in a
(BSA). Equimo lar amounts of GST or GST fusion proteins were used in randomly selected area under a fluorescent assay microscope. Comet
pulldown assay. Recombinant PP2ACa was added to HEG100 binding score software (Autocomet) automatically determined the tail length
buffer (20 mM HEPES, pH 7.4, 10% glycerol, 100 mM KCI, 1 mM EDTA, using a built-in algorithm for comet scoring.

and 1 mM dithiothreitol) plus protease inhibitors for 1 h at 4°C. The To induce focus formation, cells were plated onto poly-p-lysine-

beads were washed three times with HEG100 buffer, boiled in sodium coated coverslips, treated with or without 2mM HU for 3-5 h, and
dodecyl sulfate (SDS) loading buffer, and electrophoresed on SDS fixed. Briefly, cells were washed once in PBS with 1 mM glycerolpho-
polyacrylamide gel. After transfer to a polyvinylidene difluoride (PVDF) sphate, 1 mM Na3VO,, 10 mM NaF and 1 mM PMSF, and further treated

membrane, the bound fraction was detected by immunoblotting using with a hypotonic lysis solution containing 10 mM Tris-HCl pH 7.4,
an anti-His antibody (Qiagen). 2.5mM MgCl,, 1 mM PMSF, 1 mM glycerolphosphate, 1 mM NazVO,,
10 mM NaF and 0.5% Nonidet P-40 for 8 min on ice. Subsequently cells
2.5. Histopathological assay and immunofluorescent assay were fixed in ice-cold acetone-methanol (1:1) for 30 min on ice. The
slides were then incubated with appropriajggmmsaary antibody in TBST

Mice were euthanized by carbon dioxide. Brains were fixed in 4% ed in Vectashield
paraformaldehyde, followed by dehydration and paraffin embedding.
Immunohistochemical staining was performed on paraffin embedding d with a CCD
tissue sections. Briefly, tissue sections were subjected to antigen re- & en distinct foci
trieval under high pressure. Then, tissue sections were immersed into itive ast 150 cells per
3% H,0,, and then washed by PBS buffer. 5% goat-serum was used to
incubate tissue sections for 30 min at room temperature. Then sections

were incubated with primary antibody overnight at 4°C, and then

containing 5% non-fat dried milk. Slidg

ith 1% formaldehyde.
ehyde cross-linked cells

sections were washed by PBS buffer for three times. Incubated with the 400 bp by sonication. ChIP-
corresponding secondary antibody against primary antibody for 1 h at i ing the antibody against HIC1
4°C, sections were developed by DAB reagent. Stained sections were : avers, USRA). Briefly, 2ug of the antibody
observed under light microscope (Zeiss Axioskop). Images were cap- i s protein A beads at room temperature for
tured with identical exposure settings. The primary antibodies: anti- ion. matin mixture to the beads + antibody,
PP2ACa antibody (1:400, Cell signaling, Danvers, USA), anti-Nestin i ted at 4 °C for overnight with rotation. Then washed, reversed

antibody (1:500, Cell signaling, Danvers, USA), anti-PH3 antibody i ted ChIP DNA. Then real-time PCR analysis was
(1:200, Cell signaling, Danvers, USA) and anti 8-OHdG antibody (1:400,
Cell signaling, Danvers, USA). The corresponding secondary antibodies
(1:1000, Cell signaling, Danvers, USA) were used to react with pr§
antibodies.

Primarily cultured NPCs were grown on cover slips. Cover slips
rinsed with PBS, then fixed in 100% methanol for 10 min 24

ciferase activity assay, pGL3B vector containing different
romoter sequences were transfected into cells. All transfections were

PBS. Cover slips were incubated in blocking solutio: 1 performed with Lipofectamine™ 2000 (Invitrogen). After 24 h incuba-
serum in 0.1% TBS-Tween-20) for 1h at room tg 1 tion, luciferase activity was assessed with the Dual-Luciferase Reporter
kept overnight at 4°C with anti-PP2ACa ant 8 Assay Kit (Promega).

Cambridge, Britain), anti-yH2AX (1:500, Ce ”

anti-SMCI antibody (1:400, Abcam, C i 2.9. Statistical assay

HICI antibody (1:500, Abcam, Ca Wti-HIPK2 The final data shown in figures were presented as mean values and
antibody (1:400, Abcam, Camby itain)$ with 0.1% standard deviation (S.D.) of separate experiments (n=3). Student’s t-
TBS-Tween-20, cells were in perature with test was used to compare the differences between two groups. 2-way
the corresponding second: ibodj : gnaling, Danvers, ANOVA assay was used to compare more than two groups. Statistical
USA) diluted in 4% nor in TBS. Nuclei was stained by calculations were performed using SPSS software (version 19.0, SPSS,

DAPI. Digitized ima ed with an all-in-one Chicago, IL). P value of less than 0.05 (p < 0.05) was considered sig-
fluorescence mic i skop). Images were cap- nificant.

3. Results

3.1. The generation of Pp2aca™’~ mice

The Barnes Ma% was performed using a standard apparatus.

Four-month-old mice e transported from animal facility to the To elucidate the role of PP2ACa protein in brain development, we
center of the platform via a closed starting chamber where they re- inactivated Pp2aca gene in the CNS neuronal cells by Cre/LoxP system.
mained for 10s prior to exploring the maze for 3 min. Mice failing to Due to its essential role in brain development, null mutation of Pp2aca
enter the escape box within 3 min were guided to the escape box by the gene in mice lead to embryonic lethality. Although mice with the hy-
researchers, and the latency was recorded as 180 s. Before the next trial, pomorphic mutation of Pp2aca gene were viable, they did not exhibit
mice were allowed to remain in the escape box for 1 min. Two trials per obvious brain phenotype. When Pp2aca gene was specifically in-
day during 4 consecutive days were performed. All trials were recorded activated in the CNS neuronal cells by Cre/LoxP system, brain pheno-
by video camera and analyzed with ANY-maze video tracking software type characterized by microcephaly appeared in mice at early postnatal
(Stoelting Co, Wood Dale, USA). stage. The genotype of the PP2ACa deficient mice (designated as the
Pp2aca™’~ mice) was confirmed by immunoblotting assay (Fig. 1a and
2.7. Comet assay, focus formation, cell imaging assay and ChIP assay b). However, PP2ACa deletion did not impair PP4C and PP6C protein
expressions (Fig. 1a and b).
Comet assay was carried out according to the manufacturer’s in- To confirm the deletion of Pp2aca gene in the CNS neuronal cells,
struction (Trevigen, USA). At least 1200 nuclei per field were counted we first primarily cultured neuroprogenitor cells from the Pp2aca™"~
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Fig. 1. PP2ACa deletion results in microcephaly.

a) Protein expression levels of PP2ACa, PP4C and PP6C in the whole brain tissue lysates obtained from the Pp2aca™’~ mice (n = 20) and the WT mice (n = 20) at
embryonic day 13.5, 15.5, 18.5 and postnatal day 0. C: WT mice; M: Pp2aca”” mice. b) Quantitation of protein levels of PP2ACa, PP4C and PP6C. ***p < 0.001 VS.
WT. t-test. ¢) Immunofluorescent assay of co-expressions of PP2ACa and nestin in the cytoplasm of neuroprogenitor cells. Alexa staining (green), phalloidin staining
(red), DAPI staining (blue). Scale bar represents 5 um. d) Gross morphological features of the Pp2ac ™/~ mouse brain and the WT mouse brain at postnatal day 0 (P0).
e) Left: evaluation of brain weight for the Pp2ac~/~ mice (P0) and the age-matched WT mice; Right: ratio of brain weight over body weight. ***p < 0.001 VS. WT. t-
test, n=10. f) Morphological features of cerebral cortex and cerebella in the PpZaca'/ “mouse and the WT mouse at postnatal day 21 (P21). HE staining (left) and
Immunohistochemical assay of NeuN (right). Scale bar represents 200 um. g) Evaluation of cortical thickness, volume, cerebellar size and volume by stereological

assay. **p < 0.01 VS. WT, ***p < 0.001 VS. WT, t-test, n=20. Bar graphs represent means = S.D. of experimental triplicates.

mice (at embryonic day 15.5, E15.5) and the age-matched Wild Type As shown in Fig. 2f and g, TUNEL assay revealed a striking increase
(WT) mice. Subsequently, we measured the co-expressions of nestin and in apoptotic cells in PP2ACa deficient neocortex (E13.5), compared
in vitro study,

PP2ACa in neuroprogenitor cells by immunofluorescent assay. As we with the age-matched WT neocortex (p 001).
expected, PP2ACa was absent in the nestin-positive neuroprogenitor apoptotic response was confirmed in e

ficient neuropro-
cells from the Pp2aca™’~ mice. In contrast, PP2ACa and nestin were genitor cells, as evidenced by the ip i activity of acti-
co-expressed in the cytoplasm of the WT neuroprogenitor cells vated Caspase3 (p < 0.001, Fig. 2h L), i i at PP2ACa de-
(Fig. 1c).Taken together, these results indicated that Pp2aca gene had letion resulted in neuroprogeng ell §
been deleted in the CNS neuronal cells by Cre/LoxP system.

3.4. PP2ACa maintains
3.2. PP2ACa deletion causes to microcephaly

We assumed

Macroscopically, the Pp2aca™’~ mice exhibited microcephaly at pairments, due
early postnatal stage (at postnatal day 0, PO). The maximum width of Indeed, the water maze (MWM) test con-
brain hemisphere was 2.7 + 0.51 for the Pp2aca™’~ mice, compared firmed this aca™’~ mice (at postnatal month
with 3.5 * 0.73 for the age-matched WT mice (P = 0.030, Fig. 1d). icated paths in water maze, compared with
Average brain weight was 70.2 + 14.5 for the Pp2aca™’/~ mice, < 0.001, Fig. 3a and b), implying
compared with 95.7 + 20.3 for the WT mice (P = 0.0025, Fig. 1e). The ici in neocortex impaired cognitive integrity in adult
ration of brain weight over body weight was 0.051 = 0.016 for the
Pp2aca™’~ mice, compared with 0.078 + 0.011 for the age-matched
WT mice (P = 0.0080, Fig. le).

In mouse brain, cerebral cortex is formed in embryo. Ho
mature cerebellar structure will be formed at postnatal stage (us'
from postnatal day O to postnatal day 21). As a consequence of PP2. ive deficit originates from pathological changes in neuronal
deletion, cortex and cerebella both exhibited defective a4 orphology and function, and several of these alterations occur in the
features. Cerebral cortical structures developed cory disease associated with the change in DNA integrity and stability

nal apoptosis in neocortex.

n induces DNA damage in neocortex and

tained decreased neuronal cells relative to the W’ (Riches et al,, 2008; Lee and Paull, 2005; Difilippantonio and
ficient cerebella exhibited severe maldevelopmerf g i Nussenzweig, 2007). The role of PP2ACa in DNA repair was not re-
disorganized and incomplete histological la ported in previous studies. Here, our data first demonstrated that

As analyzed by stereological det i i PP2ACa deletion triggered DNA damage response in neocortex at

thickness and volume were 1.6 = 0 E13.5, as evidenced by the increased neuronal cells positively reactive
spectively for the Pp2aca™’~ with SMC1 and 8-OHdG (two markers for DNA damage) in neocortex
pared with 2.4 = 0.43mm an (p < 0.001, Fig. 3c and d).

age-matched WT mice (P = . jvely, Fig. 1g). To confirm the occurrence of DNA damage in neuronal cells, we
Cerebellar size and volu p . nd 3978 + 457 performed comet tail assay in the neuroprogenitor cells (subjected to
mm® respectively for t 4Gy irradiation stimuli for 0 h and 36 h, respectively). Due to impaired
7.6 = 2.3 mm?® DNA repair mechanism, comet tails still appeared in the PP2ACa-de-

matched WT mig . . ficient cells, at 36 h post IR stimuli. In contrast, comet tails could hardly

Overall, these be recognized in the WT cells (P < 0.001, Fig. 3e and f).

ulatory rol i . To validate this result, we first treated the two group cells with
Hydroxyurea (HU), extracted nuclear protein samples, and subse-

3.3. PP2ACa de e quently measured the immunoreactivity of phosphorylated-histone

H2AX (yH2AX). Interestingly, YH2AX protein expression level was time

The mitotic cells 1§ ied by PH3 (phosphorylated-histone protein dependent upon HU treatment (P < 0.001, Fig. 3g and h). In contrast to
3) were decreased by 31.5% (Fig. 2a, e), and the incorporation rates of the WT, PP2ACa deficiency resulted in the enhanced yH2AX im-
BrdU into mitotic cells was decreased by 33.7% (Fig. 2b, e), in the munoreactivity (P < 0.001, Fig. 3g and h). Overall, these results in-

PP2ACa deficient neocortex (at embryonic day 13.5, E13.5), compared dicated that PP2ACa was involved in DNA repair mechanism in neu-

with those in the age-matched WT neocortex (p < 0.05). To confirm roprogenitor cells.

defective proliferation was localized in neurons, we measured the EAU

incorporation rates in neuroprogenitor cells. As expected, PP2ACa de- 3.6. PP2ACa activates the ATR/ATM cascade

letion resulted in decreased EAU incorporation into cells (p < 0.05,

Fig. 2c and e). To study the uncharacterized functions of PP2ACa in DNA repair,
Neuroprogenitor cells formed the characteristic neurospheres on phosphorylation profiles of the proteins, confirmed as the key compo-

culture plates in vitro. The neurospheres formed by PP2ACa deficient nents of a series of signaling cascades, were measured in scrambled

cells exhibited proliferation deficits, starting at post culture day 1 (P1), (mock) and PP2ACa-deficient neuroprogenitor cells. Pathway phospho
and becoming evident at post culture day 2 (P2) (p < 0.05, Fig. 2d and ChIP (containing 1318 specific antibodies responsible for identifying
e). the 679 phosphorylation sites in 432 signaling transduction-relevant
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proteins) was used in this experiment. Notably, global assay revealed This finding was confirmed in the protein extracts obtained from the
that several kinases (Hedgehog, Jak/Stat, Notch, Wnt, p38MAPK, JNK, neocortex of the Pp2aca™’~ mice at E15.5. The phosphorylation ac-
mTOR, NF-xB, MST1/2 and ATR) showed statistically differences in tivity of ATR (S428) (Fig. 4a, b, e and f), but not that of ATM (S1981)
phosphorylation activities between the two group cells. Among these (data not shown), was profoundly up-regulated in the PP2ACa deficient

kinases, ATR phosphorylation activity was altered most prominently neocortex. And ATR phosphorylation activity was gradually enhanced
(increased by 73.1% relative to the WT). in cells from 0 to 24 h post IR (4Gy) stimuli (Fig. 4c and d).
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Fig. 2. PP2ACa deletion inhibits the growth of neuroprogenitor cells.

a) Immunohistochemical assay of PH3 on brain tissue sections. Arrow points to the location of PH3 reactive neurons. Scale bar represents 200 um. b) Incorporation of
BrdU into neocortex tissues at E13.5. Alexa staining (green). ¢) EAU incorporation assay in neuroprogenitor cells. EAU (red), DAPI (blue). Scale bar = 200 pm. d)
Neurospheres formed by neuroprogenitor cells at post culture day 0 (P0), day 1 (P1) and day 2 (P2). e) Percentage of PH3 positive cells, percentage of BrdU positive
cells, percentage of EAU positive cells, calculation of neurospheres at P1 and P2. **p < 0.01 VS. WT, ***p < 0.001 VS.WT. NS: no statistical differences. t-test,
n=10. f) TUNEL staining in neocortex. Alexa staining (green), API staining (blue). Scale bar represents 50 um. g) Quantitation of TUNEL positive cells in neocortex.
**¥*p < 0.001 VS. WT, t-test, n=10. h) Inmunoblotting assay of activated-Caspase3 in the protein lysates obtained from neuroprogenitor cells. i) Quantitation of
activated Caspase3 protein level. ***p < 0.001 VS. WT, t-test, n=10. Bar graphs represent means *+ S.D. of experimental triplicates.
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acid (20umol for could efficiently suppress PP2ACa protein ex-
pression (Fig. 5b and ATR (S428) immunoreactivity was increased
in the WT neuroprogenWor cells treated with okadaic acid (Fig. 5b and
c). In contrast, P-ATR (S428) immunoreactivity was significantly in-
hibited in the WT neuroprogenitor cells over-expressing PP2ACa
(Fig. 5a and b).

PP2ACa deficiency initiated the ATR/Chk1l cascade. However, it
could not exclude the possibility that PP2ACa also modulated ATM
phosphorylation in the cells with double strand breaks (DSBs). To verify
this assumption, we measured P-ATM (S1981) immunoreactivity in the
cytoplasmic extracts from the WT neuroprogenitor cells, subjected to
PP2ACa siRNA transfection, or treated with 20umol okadaic acid for
48 h. Under the condition of high IR dose (10Gy) stimuli, PP2ACa
down-regulation promoted the activity of P-ATM (S1981) in cells
(Fig. 5d and e). In the subsequent study, we infected the WT
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neuroprogenitor cells with recombinant lentiviral vectors carrying full-
length PP2ACa, treated cells with high dose IR, and then measured P-
ATM (S1981) immunoreactivity again. Intriguingly, over-expression of
PP2ACa contributed to the compromised phosphorylation activity of
ATM (S1981) (Fig. 5d and e). Over, it concluded that PP2ACa was
responsible for the modulation of de-phosphorylation of both ATM and
ATR in neuronal stem cells. Activation of ATM or ATR would be con-
trolled by the level of DNA damage.

3.7. Identification of ATR and ATM as endogenous PP2ACa-associated
proteins

Whether PP2ACa could interact with ATM and/or ATR was un-
known. To verify protein-protein interactions, we performed the
coimmunoprecipitation assay in the cytoplasmic extracts from WT
neuroprogenitor cells using the antibody against PP2ACa. Notably,
PP2ACa could either coimmunoprecipitate with endogenous ATR or
endogenous ATM (Fig. 5f). When we induced Atm or Atr gene silence by
siRNA interference in neuroprogenitor cells, two proteins’ interactions
with PP2ACa could not be detected in cytoplasmic extracts (Fig. 5g).
Confocal assay revealed the co-localization of PP2ACa, ATR and ATM
in the perinuclear regions of neuroprogenitor cells (Fig. 5h).

However, the data obtained from cellular extracts only demon-
strated physical contacts between these proteins, but not reveal whe-
ther their interactions was direct. To confirm the direct protein-protein
interactions, the purified Flag-PP2ACa protein was synthesized. It
coimmunoprecipitated with the recombinant GST-fused aminoterminal
portion of ATM or ATR. Flag-antibody resin was identified to coim-
munoprecipitate with the recombinant Flag-PP2ACa, GST-ATM and
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GST-ATR, respectively. However, Flag-PP2ACa could not coimmuno- 3.8. HIC1 and P53 function complex up-regulates HIPK2 upon DNA
precipitate with GST alone, implying that PP2ACa could directly bind damage stimuli
to ATM or ATR aminoterminus in the WT neuroprogenitor cells

(Fig. 5i). Taken together, these results first identified ATM and ATR as ATR-Chk1 initiation will block cell cycle progression through up-
endogenous interactive proteins for PP2ACa. regulating P53 that triggers apoptotic response in the cells with
a
Triall Trial2
b c
200 - WT
=8 PP2ACou"
dkk
- ¥k
~~ 80
»n
~
5 0]
=
S w
<
i
204
0 L L v

Triall Trial2 Trial3

Fig. 3. PP2ACa deletion impairs cognition in adult mice.
a) Morris water maze test. Graphs showing swimming path in water maze. In trial 1, mice were not received systematically swimming training. In trial 2 and 3, mice

received systematically swimming training. b) Latency (left) and distances (right). **p < 0.01 VS. WT, ***p < 0.001 VS. WT, t-test, n=6. c¢) Left: immuno-
fluorescent assay of SMC1 and PP2ACa in neocortex. Alexa staining (green), phalloidin staining (red), DAPI staining (blue). Scale bar represents 50 um. Right:
immunohistochemical assay of 8-OHdG in neocortex and hippocampus. HP: hippocampus. Scale bar represents 20 um. d) Quantitation of immunoreactivity of SMC1,
and calculation of 8-OHdG reactive neurons. ***p < 0.001 VS. WT, t-test, n=10. e) Comet tail assay in neuroprogenitor cells at 0 h and 36 h post irradiation (IR)
stimuli. f) Calculation of the cells with comet tails. ***p < 0.001 VS. WT, t-test, n=10. g) Immunoblotting assay of YH2AX in the protein lysates from neocortex at
Oh, 12h, 24 h and 48h post 4Gy IR stimuli. h) Quantitation of immunoreactivity of YH2AX. **p < 0.01 VS. WT, ***p < 0.001 VS. WT, t-test, n=10. Bar graphs
represent means + S.D. of experimental triplicates.
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@ proteins were further confirmed by mass-
spectrometric (MS) assay. Among the interacting proteins identified by
MS assay, HIC1 and HIPK2 were selected as potential target proteins,
based on a combined Mascot score of 355 in MS assay.

To validate this finding in cells, coimmunoprecipitation analysis
was performed in the nuclei extracts from WT neuroprogenitor cells,
using the antibody against P53. Upon DNA damage stimuli (4Gy IR),
HIC1 and HIPK2 both could coimmunoprecipitate with P53. And HIC1
could independently coimmunoprecipitate with HIPK2 alone (Fig. 6a).

In agreement with coimmunoprecipitation analysis, confocal ana-
lysis revealed that P53 and HIC1 were co-expressed in the cytoplasm of
normal neuroprogenitor cells. Under the condition of DNA damage,
resulting from HU stimuli, P53 and HIC1 were both translocated into
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nuclei, and they formed foci at the sites of DNA strand breaks (Fig. 6b).
In addition, PP2ACa deletion promoted the nuclear translocation of
P53-HIC1 function complex, and induced them to form strong foci
(Fig. 6b).

Consistently, immunoblotting assay revealed the enhanced protein
levels of P53 and HIC1 in the cells suffering from DNA damage (Fig. 6¢
and d). However, we did not find that PP2ACa could im-
munoprecipitate with HIC1 and P53, implying that PP2ACa could
modulate P53 activity through the ATR-Chk1 cascade.

To investigate whether P53 and/or HIC1 could directly target
HIPK2, we induced P53 gene or Hicl gene silence (by siRNA) in WT
neuroprogenitor cells, and measured HIPK2 protein expression level.
Upon DNA damage stimuli (4Gy IR), knock-down of P53 by siRNA in-
terference inhibited the protein expression of HIPK2 in nuclei extracts.
Similar results could be obtained from the cells treated with P53 in-
hibitor: pifithrin-a (PFTa, 20umol, 48 h) (Fig. 6e and f).

Importantly, HIC1 deficiency resulted in the compromised HIPK2
protein expression. Upon DNA damage stimuli (4Gy IR), HIPK2 im-
munoreactivity was dramatically reduced in the cells treated with PFTa
(Fig. 6e and f), implying that P53 and HIC1 cooperatively maintained

Fig. 3. (continued)
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Fig. 4. PP2ACa deletion initiates the ATR/Chk1 cascade.

a) Immunofluorescent assay of P-ATR (S428) in neocortex. Alexa staining (green), DAPI staining (blue). Scale bar represents 50 um. b) Quantitation of P-ATR (5428).
***p < 0.001 VS. WT, t-test, n=10. ¢) Immunoblotting assay of P-ATR (S428) in the protein lysates from neocortex at 0 h, 12h and 24 h post 4Gy IR stimuli. d)
Quantitation of P-ATR (S§428). ***p < 0.001 VS. WT, t-test, n=10. e) Immunoblotting assay of P-ATR (S428), ATR, P-CHK1 (S345) and CHK1 in the protein lysates
from neocortex. M: PP2ACa ™/~ group. C: WT group. f) Quantitation of P-ATR (S428) and P-CHK1 (S345). ***p < 0.001 VS. WT, t-test, n=10. g) Immunoblotting
assay of P-ATR (S428), ATR, P-CHK1 (S345) and CHK1 protein levels in the lysates obtained from the neuroprogenitor cells treated with or without 4Gy IR stimuli

(2h, 6h and 24 h). h) Quantitation of P-ATR (S428) and P-CHK1 (S345). ***p < 0.001 VS. WT, t-test, n=10. Bar graphs represent means = S.D. of experimental
triplicates.
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the steady-state of HIPK2 protein expression. and h, inhibition on ATR signaling resulted in the compromised P53
In order to investigate the impact of ATR on P53 phosphorylation, phosphorylation activity.

we inhibited the ATR cascade (by pharmacological agent: 10umol AZ20 The cells with unrepaired DNA strand breaks will be induced to

for 48 h or siRNA-mediated Atr gene knock-down) in neuroprogenitor death, usually in the form of apoptosis. P53 functions as a classical

cells, and measured P53 phosphorylation activity. As shown in Fig. 6g regulator in apoptotic response (Santoro et al., 1998; Shenolikar, 1994;
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Fig. 5. Interactive proteins with PP2ACa in neuroprogenitor cells.

a) Immunoblotting assay of PP2ACa and P-ATR (S428) protein levels in the cytoplasmic lysates of the WT neuroprogenitor cells. siPP2ACa: siRNA-mediated PP2ACa
knock-down; PP2ACa OE: PP2ACa over-expression. b) Immunoblotting assay of PP2ACa in the WT neuroprogenitor cells treated with okadaic acid. ¢) Quantitation
of PP2ACa and P-ATR (S428) protein levels in cells. ***p < 0.001 VS. WT, t-test, n=10. d) Immunoblotting assay of PP2ACa and P-ATM (S1981) protein levels in
the WT neuroprogenitor cells subjected to 10Gy IR. siPP2ACa: siRNA-mediated PP2ACa knock-down; PP2ACa OE: PP2ACa over-expression. e) Quantitation of
PP2ACa and P-ATM (S1981) protein levels in cells. ***p < 0.001 VS. WT, t-test, n=10. f) Inmunoprecipitation assay of PP2ACa/ATR and PP2ACa/ATM in the
cytoplasmic extracts from the WT neuroprogenitor cells subjected to 4Gy IR. PI: preimmune serum (from the same species corresponding to primary antibody). Input:
input material. g) Co-immunoprecipitation assay of PP2ACa/ATM and PP2ACa/ATR were measured in the cytoplasmic extracts from the treated WT neuropro-
genitor cells. h) Immunofluorescent assay of ATM and ATR in the cytoplasm of the treated WT neuroprogenitor cells. Alexa staining (green), phalloidin staining (red),
DAPI staining (blue). Scale bar represents 2 um. i) In vitro binding assay with immobilized, recombinant Flag-PP2ACa protein and recombinant GST protein or with
GST-ATM protein or with GST-ATR protein. Immunoblots of eluates with GST (top) or PP2ACa (bottom). Input and GST proteins were used for interaction assay.
Shown is a representative blot of three independent experiments with similar results. Bar graphs represent means = S.D. of experimental triplicates.
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Fig. 5. (continued)
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McCright et al., Whether HIC1 was involved in DNA repair was
poorly understood. racterize the function of HIC1 in DNA da-
mage response, we mea®ured the co-localization of HIPK2 and yH2AX,
in the nuclei of the HICI-deficient neuroprogenitor cells subjected to
4Gy IR stimuli. Notably, deletion of HIC1 resulted in a down-regulation
in DNA damage response, as indicated by the decreased co-localization
of HIPK2 and yH2AX foci (Fig. 7a).

Since YH2AX is considered as a classical molecule for sensing and
localizing DNA damage sites, therefore, co-localization of YH2AX and
HIPK2 in nuclei indicated their synergistic roles in DNA damage re-
sponse. Deletion of HIC1 resulted in the compromised reactivity of
yH2AX/HIPK2 in nuclei, implying that HIC1 functioned as a co-
operative partner with HIPK2. Taken together, these findings demon-
strated that interactions among the three proteins positively responded
to DNA damage in neuroprognitor cells.
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Fig. 5. (continued)

3.9. HIC1 directly modulates HIPK2 transcription

As transcriptional factors, P53 and HIC1 may modulate HIPK2
transcription. To test this hypothesis, we performed the chromatin
immunoprecipitation (ChIP) assay in 293T cells and WT neuropro-
genitor cells. We incubated the precipitated protein-DNA complex with
the antibody against HIPK2, and then performed the Real-time PCR
assay to quantify HIPK2 DNA templates. Several independent experi-
ments finally revealed that HIC1 directly bind to Hipk2 gene promoter
in 293T cells and neuroprogenitor cells (Fig. 7b). Upon DNA damage
stimuli (5Gy IR), binding efficiency of HIC1 at HIPK2 gene promoter
was largely improved (Fig. 7b).

To confirm this finding, we first transfected Hicl gene with HIPK2
luciferase reporter constructs into the two types of cells, and then
measured HIPK2 promoter activity. As expected, over-expression of
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Hicl gene resulted in the significant enhancement of HIPK2 luciferase expression in 293T cells and neuroprogenitor cells. However, P53 was
activity in the two types of cells (Fig. 7c). These findings indicated that not found to transcriptionally modulate Hipk2 gene expression in the
HIC1 played a direct transcriptional regulatory role in Hipk2 gene two types of cells (data not shown).

Input
IP: P53 IP: P53 1P: HIPK2
Input IgG WB:HIC1I Input IgG WB:HIPK2 Input IgG WB:HICI &l P53
a
-— —
= St — || - PR

PP2ACa™- PP2ACa™- PP2ACa - PP2ACa-

WT WT

P53 HIC1 P53 HIC1 P53 foci HIC1 foci
c 3GyIR Negative 3GyIR
PP2ACa’"WT PP2ACa’ WT control PP2ACa’- WT
o o [ P53 PS3
- -
2% | E
7OS [ e— HIC1 HIC1 £
A
A Sy S e  Histone H3
Cytoplasmic . P .
protein Histone H3 B- Nuclei protein
1.2 HIC1
¢ 4Gy IR - ek
" / Negative SV o1
PP2ACa wT PP2ACa”’ WT control K] B
2 o 08
| e W ame — |P53 T S
= S T 06
< £ 2 8
£ || - — - RS
= 2 L B
z g 2 0.2
- , 7S,/ Hm
s S IR
¢ o S NN
v ] ]
] R R
- 1.2 NS NS
< 8 — = =
7z~ | = - Q& 1
= =7 = : =
Z Z 6 z 2 £ 2 os-
S 8 ) ¢ B
S < 5 5 = | 2 2 ¢
2T 2% 55 s & 5 067
g = ¢ N B ==
g = ERG | S E 04
@ » =1 1| — S
= = E = °
E = 3 . Zz & 02
5 £ & 05
© < |- . ; 0
S O ‘S v S © Y& oKL
& RN R
S A N Qq,?' Qq,?'
QQ QQ qq ] R

Fig. 6. PP2ACa deletion promotes P53/HIC1 nuclei translocation.

a) Co-immunoprecipitation assay on P53/HIIC1, P53/HIPK2 and HIIC1/HIPK2 in the cytoplasmic extracts from the WT neuroprogenitor cells subjected to 4Gy IR.
siP53: siRNA-mediated P53 knock-down; siHIC1: siRNA-mediated HIC1 knock-down. b) Immunofluorescent assay of co-expressions of P53 and HIC1 in the WT
neuroprogenitor cells treated with or without HU. Phalloidin staining (red), DAPI staining (blue). Scale bar represents 50 um (left panel) and 10 pm (right panel). c)
Immunoreactivities of nuclear, cytoplasmic and whole P53, HIC1, Histone H3 and (3-actin were measured in the neuroprogenitor cells (stimulated with or without
4Gy IR) by immunoblotting assay. Negative control (NC): without incubation with the primary antibody against P53 or HIC1. d) Quantitation of immunoreactivities
of P53, HIC1, Histone H3 and B-Tubulin. ***p < 0.001 VS. WT, t-test, n=10. e) Inmunoreactivities of P53, HIC1 and HIPK2 were measured in the nuclei extracts
from the treated neuroprogenitor cells by immunoblotting assay. f) Quantitation of immunoreactivities of P53, HIC1 and HIPK2. ***p < 0.001 VS. WT, t-test, n=10.
g) Immunoblotting assay of ATR and phosphorylated-p53 (Ser15) in the treated WT neuroprogenitor cells. siATR: siRNA-mediated ATR knock-down. h) Quantitation

of immunoreactivities of ATR and phosphorylated-p53 (Ser15). ***p < 0.001 VS. WT, t-test, n=10. Bar graphs represent means + S.D. of experimental triplicates.
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4. Discussion

Brain development ¥ known to be regulated in a precise spatio-
temporal manner. In the present study, our study demonstrates that
PP2ACa is a newly found regulatory factor for mouse brain develop-
ment during embryonic and postnatal stage. PP2ACa protein deficiency
results in DNA damage exhibited in the form of SSB, which initiates the
ATR/CHK1 cascade in neocortex and neuroprogenitor cells. PP2ACa
can directly associate with ATM and ATR at protein level, and it plays
an essential regulatory role in the de-phosphorylation of ATM and ATR
in normal neuroprogenitor cells. Notably, P53, HIC1 and HIPK2 co-
ordinately respond to DNA damage in the nuclei of neuroprogenitor
cells. P53/HIC1 function complex will be translocated into nuclei and
interacts with HIPK2/yH2AX at the sites of DNA strand breaks. Notably,
HIC1 plays a direct transcriptional regulatory role in HIPK2 gene

PFTa Saline
Fig. 6. (continued)
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expression.

PP2A is a conserved protein serine/threonine phosphatase that
functions as a trimeric protein complex consisting of a catalytic subunit
(PP2Ac or C), a scaffold subunit (PR65 or A), and an alternative reg-
ulatory B subunits. In mammals, A and B isoforms are the essential
elements of both the catalytic (C) and scaffolding (PR65/A) subunits. B
subunit families consist of four members, each with several isoforms or
splice variants. The variable composition in PP2A protein structure
guarantees a vast array of specific substrates. The complicated reg-
ulatory roles of PP2A in neurodegenerative disease have been well
studied in previous studies (Lyu et al., 2013; Mayer et al., 1991; Santoro
et al., 1998; Shenolikar, 1994; McCright et al., 1996; Inoue et al., 1999;
Kawabe et al., 1997; Kins et al., 2003; Louis et al., 2011; Kamibayashi
and Mumby, 1995; Oliver and Shenolikar, 1998; Alonso et al., 2004;
Millward et al., 1999; Sontag et al., 1995; Barford, 1996; Bononi et al.,
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Fig. 6. (continued)

2011; Mumby and Walter, 1993; Chen et al., 2016; Lucas and localized in the AD-affected regions. Hyperphosphorylation of Tau
Armstrong, 2015; Janssens and Goris, 2001; Okamoto et al., 1996). protein, amyloidogenesis and synaptic deficits in the CNS neuronal cells

In Alzheimer disease (AD) study, it has been reported that alteration are studied as the decisive contributors to the pathogenesis of AD
in PP2A catalytic activity and abnormality in PP2A phosphorylation are (Sontag et al., 1995; Barford, 1996; Bononi et al., 2011; Mumby and
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Fig. 7. Interplay among p53, HIC1 and HIPK2 in response to DNA dam
a) Co-localization of yH2AX and HIPK2 were measured in the nuclei
phalloidin staining (red), DAPI staining (blue). Scale bar represents 5
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represent means * S.D. of experimental triplicates.

uroprogenitor cells by immunofluorescent assay. Alexa staining (green),
inding activity of HIC1 to Hipk2 promoter in 293T cells and WT
subjected to 5Gy IR. ***p < 0.001 VS. WT, t-test, n=10. Bar graphs

Walter, 1993; Chen et al., 2016; Lucas and Ar
and Goris, 2001; Okamoto et al., 1996). PP2.
tau phosphatase, controls Tau phospho
teraction between PP2A/Ba and tau ¢
AD (Sontag et al., 1995; Barford, 19

instability, growth retardation, cell death, developmental defects,
neurodegeneration and neoplastic transformation (Riches et al., 2008;
Lee and Paull, 2005; Difilippantonio and Nussenzweig, 2007; Jazayeri
et al., 2008; D’ Amours and Jackson, 2002; Stracker and Petrini, 2011;
Stiff et al., 2005).

Walter, 1993; Chen et al., 2016; ng, 2015; Janssens In our previous study, we observed that Pp2aca gene knock-down in
and Goris, 2001; Okamoto et . the CNS neuronal cells resulted in cortical developmental deficit, which

repressor, func- impaired mouse’s cognitive integrity (Liu et al., 2018). Subsequently,
tionally cooperates with - we explored the molecular mechanism underlying cortical develop-
cancer in mice. HIC1 enco i nscriptional factor that mental deficit, and found that Pp2aca gene knock-out initiates the
represses the trangg ugh two autonomous re- Hippo cascade in cortical neuroprogenitor cells, which blocked the

pression domaig 8 . 02; Dhordain et al., 1997). translocation of YAP into nuclei, contributing to the decreased cellular
HIPK2, as g i i nitially identified through its proliferation and protein synthesis (Liu et al., 2018).
ability to i fphomeoprotein, mediates the phos- Here, our study by using the PP2ACa~/~ mice models provides the

V irradiation, which was responsible direct evidence that PP2ACa deletion impaired the structural organi-

for P53-mediated & otic activity (Kim et al., 1998; Hofmann et al., zation in neocortex and cerebella, as a consequence of activated

2002; D’Orazi et al., 3 apoptotic response triggered by the over-loaded DNA damage during

However, the roles 0f PP2A in DNA repair especially during em- neurogenesis. In neuroprogenitor cells, endogenous DNA damage, re-
bryonic period were poorly understood. The molecular links among sulting from PP2ACa deletion, yielded an up-regulation in ATR phos-
PP2A, ATM, ATR, P53, HIC1 and HIPK2 in DNA repair mechanisms phorylation activity, suggesting that PP2ACa participates in DNA single
underlying neurogenesis was unknown. Brain development during strand break (SSB) repair through the ATR/Chk1 cascade. As shown in
embryonic period is a strictly regulated process. During this process, the co-immunoprecipitation assay, PP2ACa protein’ interaction with
neural stem cells originated from the ventricular zone will rapidly ATM or ATR was first identified in neuroprogenitor cells and 293T cells
proliferate during cell cycle progression and they will migrate to cer- suffering from DNA damage. We consider that PP2ACa is capable of
ebral cortical zone to form neocortex. Because of rapid proliferating activating the ATM/ATR repair cascade in the dividing neurons.
features in neural stem cells, high level of oxidative stress and DNA However, DNA damage will disrupt the silence of ATM/ATR and pro-
damage will be generated and accumulated at replication forks. mote the phosphorylation of the two proteins, which triggers P53-
According to previous studies, several pathways may execute to re- mediated apoptotic response in cells. The functional balances between
cognize and repair DNA lesions at replication forks. Unrepaired DNA protein kinase (ATM/ATR) and protein phosphatase (PP2ACa) main-
strand breaks can cause detrimental outcome such as chromosomal tain the stability of DNA strands in neuroprogenitor cells.
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In previous study, we report that P73, directly targeted by the Hippo
cascade, can bind to the promoter of glutaminase2 (GLS2) that plays a
dominant role in the enzymatic regulation in glutamate/glutamine
cycle. And Pp2aca gene knock-out suppresses the glutamine synthesis
through up-regulating the phosphorylation activity of P73 in cortical
NPCs, implying that PP2ACa indirectly modulates the glutamine
synthesis of cortical NPCs through targeting P73 that plays a regulatory
role in GLS2 transcription (Liu et al., 2018).

In this study, we first report that P53, HIC1 and HIPK2 co-
operatively respond to DNA damage in neuroprogenitor cells. The in-
teraction among the three proteins has been confirmed in the nuclei
extracts of neuroprogenitor cells by co-immunoprecipitation assay.
Without DNA damage, P53 and HIC1 are co-expressed in the cytoplasm
of normal neuroprogenitor cells. As the occurrence of DNA damage, two
proteins will be translocated into nuclei and form foci at the sites of
DNA strand breaks. PP2ACa deficiency, as an activator to DNA damage
response, promotes the translocation of P53 and HIC1 into nuclei and
induces them to form strong foci at the sites of DNA damage. Co-lo-
calization of HIPK2 and YH2AX at the sites of replication fork blockages
confirms the role of HIPK2 in sensing DNA damage. Therefore, HIPK2
owns the potential to be developed as a new DNA damage marker in
neuronal cells.

Notably, HIC1, as a transcriptional factor, can directly bind to Hipk2
gene promoter in 293T cells and neuroprogenitor cells, indicating the
direct transcriptional regulatory role of HIC1 in Hipk2 gene expression.
Previous studies have reported that HIPK2 can directly modulate P53
phosphorylation, which can be considered as a feedback modulation
mechanism on P53-mediated apoptotic signal (Hofmann et al., 2002;
D’Orazi et al., 2002). Based on this finding, we propose that P53, HIC1
and HIPK2 may form a regulation loop in nuclei and the interplay
among the three proteins will augment the apoptotic cascade §
neuronal stem cells with over-loaded DNA damage.

In the future study, we will focus on investigating whether o
protein molecules are involved in the initiation the PP

tive role in brain

europrojenitor
M cascade, will
purppse to interact with the

DNA stabili
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