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NMDA receptors are critical for neuronal communication. Dysfunction in NMDA receptors has been implicated in neuropsychiatric
diseases. While it is well recognized that the composition of NMDA receptors undergoes a GluN2B-to-GluN2A switch in early postnatal
life, the mechanism regulating this switch remains unclear. Using transcriptomic and functional analyses in brain tissues from male and
female Hipk2�/� and Hipk2 � / � mice, we showed that the HIPK2-JNK– c-Jun pathway is important in suppressing the transcription of
Grin2a and Grin2c, which encodes the GluN2A and GluN2C subunits of the NMDA receptors, respectively. Loss of HIPK2 leads to a
significant decrease in JNK– c-Jun signaling, which in turn derepresses the transcription of Grin2a and Grin2c mRNA and upregulates
GluN2A and GluN2C protein levels. These changes result in a significant increase of GluN2A/GluN2B ratio in synapse and mitochondria,
a persistent activation of the ERK-CREB pathway and the upregulation of synaptic activity-regulated genes, which collectively contribute
to the resistance of Hipk2 � / � neurons to cell death induced by mitochondrial toxins.
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Introduction
Homeodomain interacting protein kinase 2 (HIPK2) regulates a
wide range of biological processes, including tumorigenesis, vas-
culogenesis, tissue fibrosis, epithelial-mesenchymal transition,
and neural development (Hofmann et al., 2013; Fan et al., 2014;
Blaquiere and Verheyen, 2017). There are several salient features
in HIPK2 that enable it to regulate such diverse biological func-
tions. First, HIPK2 has a versatile protein–protein interacting

domain, which provides a flexible interphase to interact with a
number of transcription factors and modulate gene expression in
a context-dependent manner. Second, the intrinsic kinase activ-
ity in HIPK2 provides an additional mechanism that regulates the
activity of HIPK2 and its downstream targets. Finally, the broad
expression pattern of HIPK2 during embryogenesis and in adult
animals also allows it to regulate cell growth and differentiation
either as a transcriptional coactivator or corepressor depending
on the signal transduction pathway upstream of HIPK2 and the
downstream transcription factors with which it interacts (Blaqui-
ere and Verheyen, 2017).

In the mouse sensory neurons, HIPK2 interacts with POU
homeodomain transcription factor Brn3a and suppresses the ex-
pression of prosurvival genes trkA (Ntrk1) and bcl-xl (bcl2l1) (Wig-
gins et al., 2004). HIPK2 can also interact with Smad transcription
factors to promote the prosurvival signals downstream of TGF-�
and BMP in ventral midbrain dopaminergic (DA) neurons and
enteric neurons (Zhang et al., 2007; Chalazonitis et al., 2011).
Given these cell type-specific functions, loss of HIPK2 results in
more sensory neurons and a significant reduction in the number
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Significance Statement

We identify HIPK2-JNK– c-Jun signaling as a key mechanism that regulates the transcription of NMDA receptor subunits GluN2A
and GluN2C in vivo. Our results provide insights into a previously unrecognized molecular mechanism that control the switch of
NMDA receptor subunits in early postnatal brain development. Furthermore, we provide evidence that changes in the ratio of
NMDA subunits GluN2A/GluN2B can also be detected in the synapse and mitochondria, which contributes to a persistent activa-
tion of the prosurvival ERK-CREB pathway and its downstream target genes. Collectively, these changes protect HIPK2 deficient
neurons from mitochondrial toxins.
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of DA neurons and enteric neurons during embryonic develop-
ment and in early postnatal life. In addition to the important role
of HIPK2 under physiological conditions, several studies show
that HIPK2 can be activated by stress conditions to promote cell
death via the ataxia telangiectasia mutated or c-Jun N-terminal
kinase (JNK) pathway in tumor cells and neurons (Hofmann et al.,
2003; Choi et al., 2013; Lee et al., 2016). In particular, endoplasmic
reticulum (ER) stress, induced either pharmacologically by
tunicamycin or by the accumulation of misfolded SOD1 G93A

proteins, activates a series of protein kinases downstream of
inositol-requiring enzyme 1�, including apoptosis signal-
regulating kinase 1, HIPK2, and JNK, to promote cell death in
spinal motor neurons (Lee et al., 2016). Inhibition of HIPK2
kinase activity or loss of HIPK2 protects neurons from ER stress-
induced cell death and delays disease onset and prolongs survival
in SOD1G93A mice (Lee et al., 2016). Together, these results high-
light the role of HIPK2 in diverse pathophysiological conditions
and the need to investigate the mechanisms of HIPK2 in a
context-dependent fashion.

Given the role of HIPK2 in transducing the prosurvival signal
of TGF-� in embryonic DA neurons (Zhang et al., 2007; Luo and
Huang, 2016), we ask how loss of HIPK2 might impact on the
maintenance of ventral midbrain DA neurons in the postnatal
brain. By comparing the transcriptomes of ventral midbrain in
adult Hipk2�/� and Hipk2� / � mice, we uncover a previously
unappreciated role of HIPK2 in regulating the subunit composi-
tion of NDMA receptors in the substantia nigra as well as several
different regions in the postnatal brain. Bioinformatics data show
that the majority of HIPK2 target genes contain an overrepre-
sented number of binding motifs for AP-1 transcription factors
in the promoter regions. Consistent with this idea, HIPK2 sup-
presses c-Jun-mediated transcription of mouse Grin2a and Grin2c
genes, which encode the GluN2A and GluN2C subunits of the
NMDA receptors (Collingridge et al., 2009). Loss of HIPK2 leads
to an upregulation of GluN2A and GluN2C and increases the
GluN2A/GluN2B ratio and the ERK-CREB signaling pathway in
early postnatal brain. These changes promote the upregulation of
several activity-regulated inhibitors of death (AID) genes and
enhance the survival of Hipk2� / � DA neurons in mitochondrial
toxin-induced cell death. Together, these results support a novel
role of HIPK2 in the transcriptional regulation of NMDA recep-
tor subunits via the JNK– c-Jun signaling pathway.

Materials and Methods
Animals. Hipk2 � / � mice (Hipk2tm1Ejh/Hipk2tm1Ejh, RRID:MGI:5008273
and RRID:MGI:3510466) have been described previously (Wiggins et al.,
2004; Zhang et al., 2007). Hipk2�/� and Hipk2 � / � mice in the mixed
C67BL/6 and 129 background were used at postnatal day 0 (P0), P14,
P28, 2 months, and 6 months. TH-IRES-Cre mice (Thtm1(cre)Te, MGI catalog
#3056580) were previously described (Lindeberg et al., 2004; Tang et al.,
2009). R26RHIPK2 mice were generated as described in Fig. 8-1 (available at
https://doi.org/10.1523/JNEUROSCI.3577-17.2018f8-1). Mice of both
genders were selected and assigned to each age or treatment group ran-
domly. Animal care was approved by the Institutional of Animal Care
and Use Committee at the University of California–San Francisco and
followed the National Institutes of Health guidelines.

Cell cultures, transfection, and luciferase reporter assays. HEK293 and
COS-7 cells were obtained from ATCC. Hipk2�/� and Hipk2 � / � mouse
embryonic fibroblasts (MEFs) (Wei et al., 2007; Shang et al., 2013) were
maintained in DMEM (Thermo Scientific) supplemented with 10% FBS
(Invitrogen). All cell lines were authenticated and verified to be free of
mycoplasma contamination. To investigate the transcriptional control of
Grin2a and Grin2c, 2 kb sequences of the mouse Grin2a or 2.9 kb sequences
of the mouse Grin2c promoter were amplified from mouse genomic DNA
using the PCR and inserted into pGL4.10 vector to generate the Grin2a-Luc

and Grin2c-Luc reporters. A series of deletions in Grin2a-Luc and Grin2c-
Luc were performed using QuikChange Site-Directed Mutagenesis kit
(Stratagene), and all constructs were confirmed by DNA sequencing. The
luciferase constructs, c-Jun or/and HIPK2 expression plasmids, along
with the Renilla firefly internal control constructs were transfected into
COS-7 cells. Cells were harvested for luciferase activity measurement
(dual luciferase, Promega) or for Western blot analyses. The luciferase
reporter activity was measured using the dual-luciferase system on a
luminometer (Turner Designs). Relative luciferase activity was reported
as a ratio of firefly over Renilla luciferase activities.

RNA isolation, microarray, and data analysis. Total RNA was extracted
from the substantia nigra of 2-month-old Hipk2�/� and Hipk2 � / �

mouse brain (n � 3 for each genotype) using PicoPureTM RNA Isolation
Kit (Arcturus) and used as a template for reverse transcriptase with Mes-
sageAmpTM II-Biotin enhanced Kit (Ambion). Microarray analysis was
performed using CodeLink Mouse Whole Genome Bioarray (Applied
Microarrays). The microarray data are being deposited in Gene Expres-
sion Omnibus (http://www.ncbi.nlm.nih.gov/geo/); the accession num-
ber will be provided once available. Resulting data were log transformed
and uploaded into the Genesifter program (a web-based expression anal-
ysis software with statistical and visual tools, www.genesifter.com). Dif-
ferences in gene expression were identified by using a minimal threshold
value of a twofold change with no maximal threshold value. Based on the
Genesifter analyses, the genes that show differential expression by mi-
croarray were uploaded on to DAVID bioinformatics resources. The
functional annotation chart and clustering analysis modules were used to
determine gene-term enrichment scores. To find the different transcrip-
tional factor binding motif of HIPK2 targets, we analyzed 2 kb promoter
sequence of HIPK2 target genes that were within the three clusters: mem-
brane, channel, and transporter and cell– cell junction with online soft-
ware Cluster-buster (http://zlab.bu.edu/cluster-buster/). The RNA from
HEK293T cells, MEF cells, mouse cortex, or midbrain was isolated by
Trizol reagent (Invitrogen) and used as a template for reverse transcrip-
tase with random hexamer primers (Invitrogen). Primer sequences for
specific genes are given in Table 1-1 (available at https://doi.org/10.1523/
JNEUROSCI.3577-17.2018t1-1).

Chromatin immunoprecipitation (ChIP) assays. ChIP assays were per-
formed as described previously (Shang et al., 2013). Briefly, 2-month-old
mice were perfused and fixed with 4% PFA and treated with SDS lysis
buffer. After shearing with a sonicator and centrifugation, the superna-
tant of cell lysates was used for immunoprecipitation with different
antibodies. The DNA protein–antibody complexes were isolated using
antibodies for HIPK2 (c-15, sc-110294), c-Jun (H-179, SC-1694) (Santa
Cruz Biotechnology), and Smad2/3 (#3102, Cell Signaling Technology).
The complexes were washed with buffers, and the DNA was eluted and
purified. qRT-PCR was used to analyze the DNA abundance in protein-
DNA precipitates. qRT-PCR primer sequences are given in Table 1-1
(available at https://doi.org/10.1523/JNEUROSCI.3577-17.2018t1-1).

Primary cortical and dopaminergic (DA) neuron cultures. Primary cor-
tical neurons were prepared from the cerebral cortex of E17.5 mouse
embryos and placed in MEM supplemented with 10% FBS, 1� penicil-
lin/streptomycin, and 2 mM glutamine (Invitrogen). On in vitro day 2
(DIV2), 5 mM 5-fluoro-2�-deoxyuridine (Sigma) was added to the cul-
tures. From DIV3, the primary cortical neurons were maintained in Neu-
robasal medium with B-27 supplement (Invitrogen). On DIV14, the cells
were fixed with cold methanol for 15 min, followed by immunofluores-
cent staining with GluN2A or GluN2B antibody (NR2a, Code #GluRe1C-
Rb-Af542; NR2b, Code #GluRe2N-Rb-Af660, Frontier Institute). Primary DA
neurons were prepared according to published procedures (Zhang et al.,
2007). Briefly, E13.5 Hipk2�/� and Hipk2 � / � mouse embryos were col-
lected from time-pregnant Hipk2�/� females. The ventral mesencepha-
lon was dissected, dissociated after treatment with trypsin, and cultured
in DMEM-F12 medium (Invitrogen #11765– 054) supplemented with
10% FBS, 1� penicillin/streptomycin, and 2 mM glutamine (Invitrogen)
on cover slides coated with poly-DL-ornithine hydrobromide (Sigma-
Aldrich, catalog #P8638) and laminin (Sigma-Aldrich, catalog #L2020)
overnight. On DIV2, the medium was replaced with DMEM-F12 me-
dium supplemented with 10% FBS, 20 ng/ml FGF2, 100 ng/ml FGF8, and
1� penicillin/streptomycin for 2 d. The cells were either treated with 0.5
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nM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) directly or pre-
treated with GluN2A inhibitor NVP-AAM077 (Calbiochem, catalog
#CAS459836-30-7) or ERK1/2 inhibitor SCH-772984 (AbMole Biosci-
ence, catalog #M2084) for 4 h, then treated with CCCP for 20 h. The cells
were fixed with 4% PFA for 10 min and stained with anti-TH antibody
(Millipore Bioscience Research Reagents, catalog #AB152) or anti-Tuj1
antibody (Covance, catalog #PRB-435P) following the standard straining
procedures. Confocal images of the cultured neurons were captured us-
ing the confocal microscope (TCS SP, Leica). Laser intensity (measured
as the PMT levels) for each fluorophor was kept within the linear range.
TH � or NeuN � Cell number was determined by National Institutes of
Health ImageJ online software.

Immunogold electron microscopy. Mice were deeply anesthetized with
avertin (150 mg/kg) and were perfused transcardially with 2% PFA/0.2%
glutaraldehyde in 0.1 M phosphate buffer at pH 7.4 with gravity. Brains
were quickly removed, fixed overnight in 2% PFA at 4°C, and cut into
60-�m-thick frontal sections with vibratome. To enhance the penetra-
tion of the immunoreagents, the sections were equilibrated in a cryopro-
tectant solution, freeze-thawed, and stored in PBS with 0.03% sodium
azide. After blocked with 4% normal goat serum in PBS, the sections were
incubated with primary antibody in 1% normal goat serum blocking
solution overnight (NR2a, Code #GluRe1C-Rb-Af542; NR2b, Code
#GluRe2N-Rb-Af660, Frontier Institute). After washed with washing buf-
fer (PBS with 0.2% BSAc and 0.2% fish gelatin), the samples were incu-
bated with secondary antibody conjugated to gold particles (Electron
Microscopy Sciences, catalog #25100, or GAR, Ultra Small, Code 100,011) in
washing solution for 2 h, and refixed with 1% glutaraldehyde in PBS 10
min. The signal of the immunogold particles was boosted using R-gent
SE-EM silver enhancement solution (Aurion, 500.033). Finally, the sec-
tions were postfixed in 0.5% osmium tetroxide for 10 min, dehydrated,
and embedded in resin (Durcupan ACM, Sigma-Aldrich). Serial ultra-
thin sections were cut with a Reichert Ultracut S, contrasted with lead
citrate. Ultrathin sections were cut at 1 �m thick with a Reichert Ultracut
S, contrasted with lead citrate, and imaged in a Phillips Tecnai10 trans-
mission electron microscope using FEI software.

Western blot analysis and synaptosomal fractionation. Total cell lysates
were prepared from cultured cells in NP-40 lysis buffer (1% NP-40, 20
mM Tris, pH 7.6, 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4) supple-
mented with protease inhibitor mixture. RIPA buffer (0.1% SDS, 1%
sodium deoxycholate, 1% NP-40, 20 mM Tris, pH 7.6, 150 mM NaCl, 10
mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor mixture
was used for protein extraction from tissues. Proteins in cell lysates were
separated by SDS-PAGE and transferred to the PVDF membrane (Milli-
pore Bioscience Research Reagents). The membrane was blocked in 4%
BSA (for phosphor antibodies) or 5% nonfat milk for nonphosphory-
lated antibodies before incubation with primary antibodies overnight at
4°C. Antibodies to p-JNK (9255), p-c-Jun (9164), JNK (9252), c-Jun
(9165), p-ERK1/2 (4370), ERK1/2 (9102), CREB (9197), p-CaMKII (3361),
and CaMKII (3362) were from Cell Signaling Technology. p-CREB was
from Millipore Bioscience Research Reagents (06-519). Anti-TH antibody
was from Millipore Bioscience Research Reagents (AB152) and Tuj1
antibody from Covance (PRB-435P). Actin antibody (CP01) was from
Calbiochem. HIPK2 antibody was purchased from Santa Cruz Biotech-
nology (sc-10294) or Abcam (ab28507). The membranes were washed
with 0.1% TBST washing buffer followed by incubation with secondary
antibodies conjugated with HRP. Western blots were developed by ECL
chemiluminescence (Thermo Scientific).

To characterize the GluN2A, GluN2B, and GluN2C protein level in
synapses, the synaptosomes were isolated from 2-month-old Hipk2�/�

and Hipk2 � / � mouse brains as described previously (Carlin et al., 1980).
Briefly, mouse brains without cerebellums were homogenized in buffer A
(0.32 M sucrose, 1 mM NaHCO3, 1 mM MgCl2, 0.5 mM CaCl2, 5 mM NaF,
and 2 mM Na3VO4, supplemented with protease inhibitor, at a ratio of
4 ml/g of brain tissue) using a Dounce tissue grinder (Kontes glass ho-
mogenizer No 20, 12 strokes). Cell debris were removed by centrifuga-
tion at 710 � g for 10 min at 4°C. The pellet was suspended with 3 strokes
in solution A, and then the nuclear fraction was removed by centrifuga-
tion at 1400 � g for 10 min at 4°C. The crude membrane fraction in the
supernatant was collected by centrifugation at 13,800 � g for 10 min at

4°C. The pellet (crude synaptosomal fraction) was suspended in solution
B (0.32 M sucrose, 1 mM NaHCO3, 5 mM NaF, and 2 mM Na3VO4, 3.2 ml/g
of starting tissue) with 6 strokes of homogenizer. The resulting superna-
tant was collected and separated on a discontinuous sucrose gradient
(1.2 M, 1 M, and 0.8 M) by centrifugation at 82,500 � g with a Beckman
SW55Ti rotor at 4°C for 2 h. Following centrifugation, cytosolic, synap-
tosomal, and mitochondrial fractions were collected from top to bottom.
Equal aliquots from individual fractions were separated by SDS-PAGE
and analyzed by immunoblotting with antibodies for PSD95, synapto-
physin (SPH), GluN2A, GluN2B, GluN2C, and actin.

Chronic MPTP exposure in Hipk2�/�, Hipk2 � / �, and TH-IRES-Cre;
R26RHIPK2/HIPK2 mice. MPTP (4 mg/kg, Sigma-Aldrich catalog #M103)
or equivalent volume of PBS was injected intraperitoneally into 2-month-
old male and female mice (littermates) by one injection per day for 10
consecutive days. The mice were monitored according to the approved
Institutional of Animal Care and Use Committee protocol, and their
health was scored before each injection. Seven days after the last MPTP
treatment, mice were killed and perfused with 4% PFA before brain
extraction. The brains were postfixed in 4% PFA overnight, followed by
serial cryoprotection in 15% and 30% sucrose for 24 h each. The brains
were embedded for cryosectioning and cut into 40 �m coronal sections.
The sections containing the substantia nigra pars compacta were stained
using anti-TH (Millipore Bioscience Research Reagents, catalog #AB152)
and the staining results developed with DAB. Stereological counting was
used to quantify the number of TH-positive cells in the substantia nigra
pars compacta (single hemisphere) at bregma �2.8 to �4.04 mm (6
serial sections) at 60� magnification using the StereoInvestigator Soft-
ware, version 9 (MBF Bioscience) according to the protocols previously
reported (Zhang et al., 2007; Martens et al., 2012).

Experimental design and statistical analyses. For both in vivo and in vitro
studies, at least three biological replicates were used in each study. In
experiments in which N was �3, the exact number of replicates will be
indicated. Data were analyzed by two-tailed Student’s t test for pairwise
comparisons or two-way ANOVA for multiple comparisons using Prism
(GraphPad Software). All data were expressed as mean � SEM. For
stereology counting, investigators were blinded to the genotypes.

Results
Loss of HIPK2 increases Grin2a and Grin2c genes expression
To characterize how loss of HIPK2 affects the long-term survival
of DA neurons, we compared the transcriptomes of substantia
nigra microdissected from 2-month-old Hipk2�/� and Hipk2� /�

mice, and found 279 upregulated and 256 downregulated genes in
Hipk2� / � mice (Table 1-2, available at https://doi.org/10.1523/
JNEUROSCI.3577-17.2018t1-2). Functional annotations using
DAVID Gene Ontology (GO) analyses showed that the upregu-
lated genes belonged to 10 groups, including membrane func-
tions, synaptic transmission and ion channel, regulation of
growth, cell fraction, cellular junction, regulation of transport
and endocytosis, vesicles, immunity and inflammatory response,
extracellular origin, and lymphocyte homeostasis (Fig. 1A). In
contrast, most of the GO clusters of the downregulated genes
showed very low enrichment scores; therefore, only two func-
tional categories were identified among these genes, including
cell death and intermediate filament.

Of the upregulated genes in Hipk2� / � mice, we focused on
two NMDA receptor subunits, Grin2a and Grin2c, because they
were the top hits in the upregulated GO categories and because
both have well-established prosurvival functions (Hardingham
and Bading, 2010; Paoletti et al., 2013). To validate the microar-
ray data, we used qRT-PCR to show that both Grin2a and Grin2c
were indeed upregulated in the substantia nigra and cerebral cor-
tex of Hipk2� / � mice (Fig. 1B,C). Consistent with microarray
data, there was no significant difference in Grin2b mRNA level.
The upregulation of Grin2a in postnatal brain appeared to be
stage-dependent. In the substantia nigra, Grin2a mRNA was ele-
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vated in Hipk2� / � mice as early as postnatal day 0 (P0) and
persisted until 2 months of age. By 6 months of age, there was
no difference in Grin2a mRNA levels in the substantia nigra of
Hipk2�/� and Hipk2� /� mice (Fig. 1D). In contrast, Grin2a mRNA
levels in the cerebral cortex showed no difference between Hipk2�/�

and Hipk2� /� mice at P0 and P14 but were significantly higher in
Hipk2� /� cortex from P28 to 6 months of age (Fig. 1E). Interest-
ingly, Grin2a and Grin2c mRNA levels were also robustly increased
in Hipk2� /� MEFs. Furthermore, treating Hipk2�/� MEF with
HIPK2 inhibitors, A64 and CP466722 (Miduturu et al., 2011; Lee et
al., 2016), was sufficient to upregulate Grin2a and Grin2c mRNA
levels (Fig. 1F,G). Together, these results revealed a broader role of
HIPK2 in the transcription of NMDA receptor subunits in postnatal
brain development and in non-neuronal cells.

HIPK2 suppresses Grin2a and Grin2c gene expression via
AP-1 transcription factor c-Jun
Given the previously reported role of HIPK2 as a transcriptional
cosuppressor or coactivator in a variety of signaling pathways, we

hypothesized that HIPK2-dependent expression of Grin2a and
Grin2c is likely mediated through transcription factors that di-
rectly bind to the promoter and/or enhancer elements of Grin2a
and Grin2c genes. To test this, we procured 2 kb genomic DNA
sequence upstream of the transcriptional start sites in 130 HIPK2
target genes in the top three GO categories, including “cell– cell
junction,” “membrane,” and “ion channel and transport” (Table
1-3, available at https://doi.org/10.1523/JNEUROSCI.3577-17.
2018t1-3), and analyzed them with the Cluster-Buster software
(Frith et al., 2003). Our goal was to identify consensus transcrip-
tion factor binding elements that were shared among the HIPK2
target genes. Of all the transcription factors binding elements
annotated in Cluster Buster, the AP-1 binding motif was overrep-
resented in the 2 kb promoter/enhancer sequences of HIPK2
target genes, with 3– 4 AP-1 binding motifs per gene (Fig. 2A). In
contrast, the binding motifs for other transcription factors were
significantly fewer, ranging from 1 or 2 per gene. Further anno-
tations of all the AP-1 binding motif in HIPK2 target genes
revealed a highly conserved TGA core sequence in positions 3–5,

Figure 1. Transcriptomic analyses of the substantia nigra in adult Hipk2 � / � mouse brain. A, DAVID GO analyses showed the 12 groups of the upregulated and downregulated genes in the
substantia nigra of 2-month-old Hipk2 � / � mice. B, C, Grin2a and Grin2c mRNA levels were upregulated in the substantia nigra and cerebral cortex of 2-month-old Hipk2 � / � mice, whereas the
Grin2b mRNA expression was similar between Hipk2�/� and Hipk2 � / � mice. D, E, Grin2a mRNA was elevated in the substantia nigra of Hipk2 � / � from postnatal day 0 (P0) until 2 months old.
However, in the cerebral cortex, Grin2a mRNA started to increase from P20 to adulthood. F, G, Grin2a and Grin2c mRNA levels were also robustly increased in Hipk2 � / � MEFs, and blocking of HIPK2
kinase activity by its specific inhibitors enhanced Grin2a and Grin2c expression in MEF cells. Data are mean � SEM from at least three independent experiments. *p 	 0.05 (ANOVA). **p 	 0.01
(ANOVA). Not significant: p � 0.05.
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Figure 2. Characterizations of HIPK2 as a transcriptional repressor of c-Jun in the transcriptional control of mouse Grin2a and Grin2c genes. A, B, Compared with the DNA binding motifs
for other transcription factors, the AP-1 binding motif was overrepresented and showed a highly conserved binding core sequence, in the 2 kb promoter/enhancer sequences of HIPK2
target genes. C, D, Luciferase activities of both Grin2a-Luc and Grin2c-Luc were suppressed by c-Jun, and the transcriptional suppressor activity of c-Jun in Grin2a-Luc and Grin2c-Luc
reporters can be further enhanced by the addition of HIPK2 (Figure 2–1, available at https://doi.org/10.1523/JNEUROSCI.3577-17.2018f2-1). E, F, Western blot showed the expression
of the exogenous HIPK2 and c-Jun constructs, and the endogenous actin protein level. The results showed that HIPK2 kinase dead mutant, HIPK2 K221A, was unable to promote the
c-Jun-mediated suppression, indicating that the kinase is required for its cosuppressor function. G–I, ChIP assays showed that the endogenous c-Jun was bound to the AP-1 motif in the
promoters of Grin2a and Grin2c in 2-month-old Hipk2�/� mouse brain. In contrast, the same promoter regions in Grin2a and Grin2c showed much lower binding of transcription factors
Smad2/3 and SP-1. Loss of HIPK2 decreased the binding between c-Jun and the conserved AP-1 binding motif in the promoter/enhancer sequences of Grin2a and Grin2c. Data are mean �
SEM from at least three independent experiments. *p 	 0.05 (ANOVA). **p 	 0.01 (ANOVA). Not significant: p � 0.05.
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flanked by more flexible nucleotide sequences at both 5� and 3�
ends (Fig. 2B).

The identification of AP-1 binding motifs in HIPK2 target
genes is in agreement with our recent data that HIPK2 promotes
ER stress-mediated cell death via the JNK– c-Jun signaling path-
way (Lee et al., 2016). To characterize the role of AP-1 binding
motifs in Grin2a and Grin2c, we generated luciferase reporters
that contained the 2 kb upstream sequence of Grin2a or 2.9 kb
upstream sequence of Grin2c gene. These two reporters, named
Grin2a-Luc and Grin2c-Luc, respectively, were then used as sur-
rogates to determine how HIPK2 and c-Jun regulate the tran-
scription of Grin2a and Grin2c. Consistent with the microarray
data, our results showed that c-Jun suppressed the luciferase ac-
tivities of both Grin2a-Luc and Grin2c-Luc, whereas HIPK2
worked cooperatively with c-Jun to further suppress Grin2a-Luc
and Grin2c-Luc (Fig. 2C,D). Interestingly, HIPK2 alone also sup-
pressed Grin2a-Luc and Grin2c-Luc reporter activities, probably
due to the high endogenous c-Jun levels in COS-7 cells (Fig. 2-1, avail-
able at https://doi.org/10.1523/JNEUROSCI.3577-17.2018f2-1).
In contrast, transcription factors and cofactors, such as MEF2C and
HDAC7, which can interact with HIPK2 and regulate vasculogenesis
during embryonic development (Shang et al., 2013), did not affect
Grin2a-Luc and Grin2c-Luc reporter activities (Fig. 2-1, available at
https://doi.org/10.1523/JNEUROSCI.3577-17.2018f2-1).

A series of deletions in Grin2a-Luc and Grin2c-Luc showed
that, of the 8 AP-1 binding sites in Grin2a promoter, the one
closest to the transcriptional start site was required for c-Jun and
HIPK2 to suppress Grin2a-Luc. Similarly, of the 4 AP-1 binding
sites in Grin2c-Luc, the two closest to transcriptional start site
were required for c-Jun and HIPK2 to suppress Grin2c-Luc. In
addition, we showed that the kinase activity of HIPK2 was required
for HIPK2 to promote c-Jun-mediated suppression because the ki-
nase dead form of HIPK2 (HIPK2-K221A) was unable to suppress
Grin2a-Luc or Grin2c-Luc activity, even in the presence of c-Jun
(Fig. 2E,F). The cooperative effects of HIPK2 and c-Jun in sup-
pressing Grin2a-Luc and Grin2c-Luc reporter activities were
summarized using downward arrows to the right of the schematic
diagrams in Figure 2C, D. To further characterize how HIPK2
and c-Jun regulate Grin2a and Grin2c genes expression, we per-
formed ChIP assays using native chromatin extracts from
2-month-old Hipk2�/� mouse brain, and detected binding of the
endogenous c-Jun, Smad2/3, and SP1 proteins to the Grin2a and
Grin2c promoters (Fig. 2G). In contrast, there was significantly
less c-Jun binding to the Grin2a and Grin2c promoters in the
chromatin from Hipk2� / � mouse brain (Fig. 2H, I). These re-
sults supported the role of HIPK2 as a cosuppressor of c-Jun in
the transcriptional control of Grin2a and Grin2c gene expression.

Increased GluN2A and GluN2A/GluN2B ratio in the
synaptosomes of Hipk2 � / � mouse brain
Having demonstrated the increased Grin2a and Grin2c mRNA in
the substantia nigra and cerebral cortex of Hipk2� / � mice, we
next asked whether there were also increases in GluN2A and GluN2C
protein levels. Because NMDA receptors are enriched in synapses,
we isolated synaptosomes from the cerebral cortex of 2-month-old
Hipk2�/� and Hipk2� /� mice (Carlin et al., 1980) (Fig. 3-1, avail-
able at https://doi.org/10.1523/JNEUROSCI.3577-17.2018f3-1)
andusedWesternblots todetect therelativeabundanceofGluN2Aand
GluN2C proteins (Fig. 3A). The results showed that GluN2A and
GluN2C protein levels were indeed increased in the synapto-
somes of cerebral cortex Hipk2� / � mice, whereas GluN2B
protein level was decreased (Fig. 3A,B). These changes led to
�2-fold increase in the ratio of GluN2A versus GluN2B in the

synaptosomes of Hipk2� / � mice (Fig. 3C). To further character-
ize this phenotype, we prepared primary cortical neuron cultures
from embryonic day 17.5 (E17.5) Hipk2�/� and Hipk2� / � em-
bryos. These neurons were cultured for 14 d (DIV14) and then
stained with antibodies that were specific for GluN2A or GluN2B,
and the presynaptic protein, SPH. Consistent with the Western
blot data, confocal microscopy showed that the number of
GluN2A� puncta in Hipk2� / � dendrites were 31.2% (23.9 vs
18.2) more abundant than that in Hipk2�/� dendrites (Fig.
3D,E,H), whereas the number of GluN2B� puncta was de-
creased in Hipk2� / � dendrites (Fig. 3F–H). Interestingly, in
Hipk2�/� dendrites, the percentage of GluN2A� and GluN2B�

puncta that were also positive for presynaptic marker SPH was
31.2% and 33.8%, respectively. In contrast, the percentage of
GluN2A�;SPH� synapse on the dendrites of Hipk2� / � neurons
increased to 60.1%, whereas the percentage of GluN2B�;SPH�

synapse reduced to 10.3% (Fig. 3I). Consistent with these results,
immunogold electron microscopy performed on the sensorimo-
tor cortex using GluN2A or GluN2B antibody showed higher
percentage of GluN2A� synapse but reduced GluN2B� synapse
per unit area in Hipk2� / � brain (Fig. 3J–O). Finally, using sim-
ilar approaches, we also found a significant increase in GluN2A
proteins and a decrease in GluN2B proteins in the synaptosomes
prepared from the substantia nigra of Hipk2� / � mouse brain
(Fig. 3P–R). Together, these results support the idea that loss of
HIPK2 has a broader effect on the levels of GluN2A and GluN2B
in multiple areas in the mouse brain.

Altered JNK and ERK-CREB signaling pathways in Hipk2 � / �

mouse brain
In the canonical JNK– c-Jun signaling pathway, diverse upstream
signals activate JNK kinase activity, which in turn phosphorylates
c-Jun to regulate the transcription of AP-1 target genes. Our re-
cent study shows that HIPK2 can activate JNK under ER stress to
promote neuronal cell death (Lee et al., 2016). In addition, results
in Figure 2 indicate that HIPK2 facilitates c-Jun binding to
Grin2a/2c promoter and functions as a cosuppressor to regulate
Grin2a and Grin2c transcription in a kinase-dependent manner.
Together, these results suggest that HIPK2-mediated JNK– c-Jun
phosphorylation and activation may be required for transcrip-
tional control of Grin2a and Grin2c. To test this, we prepared
protein lysates from substantia nigra, sensorimotor cortex, spinal
cord, and MEF cells, and analyzed the relative abundance of
p-JNK and p-c-Jun in Hipk2�/� and Hipk2� / � tissues using
Western blot. As predicted, there was a consistent reduction in
the levels of p-JNK and p-c-Jun in tissues from different regions
of Hipk2� / � mouse brain, but no significant reduction in the
level of total c-Jun or JNK (Fig. 4A,B). Interestingly, Hipk2� / �

MEF cells also showed significant reductions in p-c-Jun and
p-JNK, although the decrease in p-c-Jun was much more drastic
compared with tissues from Hipk2� / � mouse brain (Fig. 4A,B).
Consistent with the Western blot results, immunofluorescent
microscopy showed a significant reduction of p-c-Jun staining
intensity in the nuclei of Hipk2� / � dopaminergic neurons com-
pared with that in Hipk2�/� neurons (Fig. 4C,D,G). In contrast,
no significant reduction of p-Smad2 was detected in the dopami-
nergic neurons of Hipk2� / � mice (Fig. 4E–G).

Previous studies showed that activation of extrasynaptic GluN2B
triggers calcium accumulation in mitochondria that is strongly asso-
ciated with mitochondrial swelling and neuronal cell death. In con-
trast, activation of GluN2A at the synapse provides a prosurvival
mechanism by activating the ERK-CREB signaling pathway to
promote the expression of prosurvival genes (Hardingham and
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Bading, 2010). Given the increased ratio of GluN2A/GluN2B in
the synapses of Hipk2� / � neurons, we asked whether loss of
HIPK2 might alter the activation of ERK and CREB. To test this,
we first examined the state of CaMKII activation, which is the
major downstream kinase regulated by the synaptic calcium in-
flux, and found no difference in the level of phosphorylated
CaMKII and total CaMKII between Hipk2�/� and Hipk2� / �

brain tissues or synaptosomes (Fig. 5-1, available at https://doi.
org/10.1523/JNEUROSCI.3577-17.2018f5-1). However, loss of
HIPK2 resulted in an elevated level of p-ERK and p-CREB in the
protein lysates from substantia nigra, sensorimotor cortex, spinal
cord, and MEF cells, without altering the total level of ERK or
CREB (Fig. 5A,B). Consistent with these results, confocal mi-
croscopy showed a significant increase in the relative signal in-
tensity for p-CREB in TH� DA neurons in the substantia nigra of
Hipk2� / � mouse brain (Fig. 5C).

As a prototypical signal-regulated transcription factor, CREB
regulates a number of target genes that are critical for neuronal
survival, synaptic plasticity, and learning and memory. Compre-
hensive whole-genome transcriptome profiling has identified a

number of nuclear Ca2�-regulated genes, termed AID genes, which
have been shown to provide neurons with broad-spectrum neu-
roprotective effects both in cultured cells and in animal models of
neurodegeneration (Lau and Bading, 2009; Zhang et al., 2009).
Given that some of the AID genes are potential CREB target genes,
we reasoned that the elevated level of p-CREB in Hipk2� /� brain
tissues might increase the expression of AID genes. In support of
this idea, qRT-PCR analyses using mRNA from the substantia
nigra and cerebral cortex of 2-month-old Hipk2�/� and Hipk2� /�

mice showed consistent upregulation of several AID genes, in-
cluding Btg2, Gadd45 g, Gadd45b, Serpinb2, Bcl6, Cyr61, Arc, Jun
B, and Bdnf (Fig. 5D,E). Upregulation of a similar set of AID
genes was also identified in Hipk2� / � MEF cells (Fig. 5F). These
results support the idea that loss of HIPK2 increases CREB phos-
phorylation and promotes the transcription of CREB target
genes, including many AID genes.

Increased GluN2A in the mitochondria of Hipk2 � / � neurons
Functional NMDA receptors, including GluN1 and GluN2A,
have been identified on mitochondria in neurons and play a neu-

Figure 3. Increased expression of GluN2A and GluN2C proteins in the synapses of Hipk2 � / � mouse brain. A–C, Western blots using the total cell lysates, cytosolic fraction, and the synaptosomes
from 2-month-old Hipk2�/� and Hipk2 � / � mouse brain showed that GluN2A and GluN2C protein levels were increased in the synaptosomes of cerebral cortex in Hipk2 � / � mice, whereas
GluN2B protein level was decreased, leading to a significant increase in the GluN2A/GluN2B ratio in the cerebral cortex in Hipk2 � / � mice (Figure 3–1, available at https://doi.org/10.1523/
JNEUROSCI.3577-17.2018f3-1). The relative signal intensity of GluN2A, GluN2B, and GluN2C protein bands was quantified with National Institutes of Health ImageJ software. D–I, Confocal
microscopic images of the primary cortical neuron cultures showed that the number of GluN2A � puncta in the dendrites of Hipk2 � / � neurons were 31.2% more, whereas the GluN2B �

puncta were 40% less, abundant than that in the dendrites of Hipk2�/� neurons. Interestingly, the percentage of GluN2A �;SPH � synapse increased to 60.1%, whereas the percentage
of GluN2B �;SPH � synapse reduced to 10.3% on the dendrites of Hipk2 � / � neurons. The GluN2A � or GluN2B � puncta were quantified with National Institutes of Health ImageJ
online software. J–O, Immunogold electron microscopy performed in the sensorimotor cortex of 2-month-old Hipk2�/� and Hipk2 � / � brains showed more GluN2A � synaptic
terminals, but fewer GluN2B � synaptic terminals in Hipk2 � / � mutants. Overall, there was a higher percentage of GluN2A � synapse, but lower percentage of GluN2B � synapse in the
sensorimotor cortex in Hipk2 � / � mutants. P–R, Western blots showed a significant increase in GluN2A proteins and a decrease in GluN2B proteins in the synaptosomes from the
substantia nigra of 2-month-old Hipk2 � / � mouse brain. The signal intensity of GluN2A, GluN2B, and actin was quantified with National Institutes of Health ImageJ software. Data are
mean � SEM from at least three independent experiments. *p 	 0.05 (ANOVA). **p 	 0.01 (ANOVA). Not significant: p � 0.05.
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roprotective role during injury (Zipfel et al., 2000; Korde and
Maragos, 2012). Given the increased GluN2A protein level in the
synaptosomes of Hipk2� / � brain, we asked whether there was
also a similar increase of GluN2A in the mitochondria. To test
this, we used sucrose density gradients to purify mitochondria
from 2-month-old Hipk2�/� and Hipk2� / � mouse brains (Fig.
3-1, available at https://doi.org/10.1523/JNEUROSCI.3577-17.
2018f3-1). Consistent with the prediction, GluN2A protein level
showed a significant increase in the mitochondria isolated from
Hipk2� / � mouse brain, whereas GluN2B protein level was de-
creased (Fig. 6A,B). Similar changes in GluN2A and GluN2B
protein level were also observed in mitochondria isolated from
Hipk2� / � MEF cells (Fig. 6A–C). To provide morphological ev-
idence supporting the increase of GluN2A in mitochondria, we
performed immunogold electron microscopy and showed that
the majority of GluN2A� and GluN2B� immunogold particles
were located on the outer membrane of the mitochondria (Fig.
6D–G). Consistent with the Western blot results, the percentage
of GluN2A� mitochondria was indeed increased in Hipk2� / �

neurons (Fig. 6H). Although the percentage of GluN2B� mito-
chondria seemed decreased, the extent of reduction did not reach
statistical significance.

Blocking GluN2A or ERK reverses Hipk2 � / � DA neuron
resistance to mitochondrial toxin
Our results thus far indicate that changes in the JNK– c-Jun and
ERK-CREB pathways, upregulation of AID genes, and the in-
crease of GluN2A in the mitochondria of Hipk2� / � neurons may
render these neurons more resistant to mitochondrial toxins. In
support of this idea, our results showed that primary Hipk2� / �

DA neurons were more resistant to CCCP, which inhibited oxi-
dative phosphorylation in the mitochondria by uncoupling the
proton gradient (Fig. 7A–D, I, J). To characterize the role of
GluN2A in the CCCP-resistant properties in Hipk2� / � neurons,
we treated both Hipk2�/� and Hipk2� /� DA neurons with 5-phos-
phonomethylquinoxalinedione derivative (NVP-AAM077), which
is a selective antagonist of GluN2A (�100-fold over GluN2B) (Au-
berson et al., 2002). Consistent with our prediction, blocking
GluN2A with NVP-AAM077 increased the sensitivity of Hipk2� /�

DA neurons to CCCP-mediated toxicity. Interestingly, under
NVP-AAM077 treatment, Hipk2� / � DA neurons were still more
resistant to CCCP toxicity than Hipk2�/� neurons (Fig. 7E,F,I).
These results suggested that, in addition to the increase in
GluN2A protein levels in the synaptosomes and mitochondria,
additional unknown mechanism(s), which could upregulate the

Figure 4. Reduced activation of the JNK– c-Jun signaling pathway in Hipk2 � / � mouse brain. A, B, Western blots using lysates from the cerebral cortex, substantia nigra, and spinal cord of
2-month-old Hipk2�/� and Hipk2 � / � mice showed a consistent reduction in the levels of p-JNK and p-c-Jun, but no changes in total JNK and c-Jun. Similar results were identified in Western blots
using protein lysates from Hipk2 � / � MEF cells. The signal intensity of p-c-Jun, p-JNK, c-Jun, and JNK bands was quantified with National Institutes of Health ImageJ online software. C–F, Confocal
microscopy of p-c-Jun and p-Smad2 expression in DA neurons of 2-month-old Hipk2�/� and Hipk2 � / � mice. G, Quantification of p-c-Jun and p-Smad2 fluorescent signal intensity in C–F. Data
are mean � SEM from at least three independent experiments. *p 	 0.05 (ANOVA). **p 	 0.01 (ANOVA). ***p 	 0.001 (ANOVA). Not significant: p � 0.05.
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ERK-CREB signaling, might also contribute to the resistance of
Hipk2� / � DA neurons to CCCP. To test this, we treated
Hipk2�/� and Hipk2� / � DA neurons with SCH772984, which
has nanomolar potency in blocking ERK kinase activity in cancer
cells (Morris et al., 2013). Similar to GluN2A inhibitor NVP-
AAM077, ERK inhibitor SCH772984 dose-dependently restored the
sensitivity of Hipk2� /� DA neurons to CCCP-mediated toxicity.
Interestingly, unlike NVP-AAM077, SCH772984 normalized the
differences in CCCP toxicity between Hipk2�/� and Hipk2� /� DA
neurons (Fig. 7G,H, J). Together, these pharmacological data
from GluN2A inhibitor NVP-AAM077 and ERK inhibitor
SCH772984 supported the model that the upregulation of
GluN2A and activation the ERK-CREB signaling pathway in
Hipk2� / � DA neurons cooperatively contribute to the resistance
of these neurons to CCCP-induced mitochondrial toxicity
(Fig. 7K ).

Dosage-dependent effects of HIPK2 in MPTP toxicity in
DA neurons
To characterize the role of HIPK2 in neuronal cell death in vivo,
we generated a conditional HIPK2 “knock-in” allele by inserting
EGFP-HIPK2 cDNA into the ROSA26 (R26R) locus (Fig. 8-1, available
at https://doi.org/10.1523/JNEUROSCI.3577-17.2018f8-1). This
allele, named R26RHIPK2, provides the advantage of expressing
additional HIPK2 proteins in ventral midbrain DA neurons using
TH-IRES-Cre (Tang et al., 2009) (Fig. 8-2, available at https://doi.
org/10.1523/JNEUROSCI.3577-17.2018f8-2). To determine how
HIPK2 affects neuronal cell death induced by mitochondrial tox-
ins in vivo, we developed a chronic treatment paradigm by intra-
peritoneally injecting 2-month-old Hipk2�/�, Hipk2� / �, and
TH-IRES-Cre;R26RHIPK2/HIPK2 mice with MPTP (4 mg/kg) once
daily for 10 d. Seven days after the last injection, mice were killed
for quantification of DA neuron deficits using stereology (Dauer

Figure 5. Enhanced activation of the ERK-CREB signaling pathway in Hipk2 � / � mouse brain. A, B, Western blots using protein lysates from the substantia nigra, sensorimotor cortex, and spinal
cord of 2-month-old Hipk2�/� and Hipk2 � / � mice showed elevated levels of p-ERK and p-CREB in Hipk2 � / � mouse brains, without altering the total level of ERK or CREB. Similar results were
identified in cell lysates from Hipk2 � / � MEF cells (Figure 5–1, available at https://doi. org/10.1523/JNEUROSCI.3577-17.2018f5-1). The signal intensity of p-ERK, total ERK, p-CREB, total CREB, and
actin was quantified with National Institutes of Health ImageJ software. C, Confocal microscopy showed a significant increase in the relative signal intensity for p-CREB in TH � DA neuron in the
substantia nigra of Hipk2 � / � mouse brain. The signal intensity of p-CREB puncta was quantified with National Institutes of Health ImageJ software. D–F, qRT-PCR analyses using mRNA from the
substantia nigra and cerebral cortex of 2-month-old Hipk2�/� and Hipk2 � / � mice showed consistent upregulation of several AID genes, and the similar AID genes could also be identified in
Hipk2 � / � MEF cells. Data are mean � SEM from at least three independent experiments. *p 	 0.05 (ANOVA). **p 	 0.01 (ANOVA). ***p 	 0.001 (ANOVA). Not significant: p � 0.05.
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and Przedborski, 2003; Martens et al., 2012). In Hipk2�/� mice,
chronic MPTP treatment resulted in 
40% reduction in the
number of DA neurons in the substantia nigra (Fig. 8A,B,G).
Although the number of DA neurons in the substantia nigra of
Hipk2� / � mice was lower than in Hipk2�/� littermates (Zhang
et al., 2007), there was no reduction of DA neurons in Hipk2� / �

mice after the same MPTP treatment, supporting the idea that the
majority of Hipk2� / � DA neurons were resistant to MPTP-
induced toxicity (Fig. 8C,D,G). Interestingly, expressing addi-
tional HIPK2 in DA neurons in TH-IRES-Cre;R26RHIPK2/HIPK2

mice increased their vulnerability to MPTP toxicity, leading to a
much more severe loss of DA neurons in the substantia nigra than
that in Hipk2�/� mice (Fig. 8E–G). Finally, to characterize the
effect of MPTP in the JNK– c-Jun signaling, we quantified the
signal intensity of p-c-Jun in the DA neurons using confocal
microscopy. In PBS-injected mice, there was a slight reduction of
p-c-Jun in the DA neurons of Hipk2� / � mice, whereas the levels
of p-c-Jun in the DA neurons were similar between Hipk2�/� and
TH-IRES-Cre;R26RHIPK2/HIPK2 mice (Fig. 8H–J,N). Consistent
with the essential role of HIPK2 in JNK– c-Jun activation (Fig. 4)
(Lee et al., 2016), MPTP treatment significantly increased the
p-c-Jun signal intensity in the DA neurons of Hipk2�/� and even
more so in TH-IRES-Cre;R26RHIPK2/HIPK2 mice, but no detect-
able increase in the DA neurons in Hipk2� / � mice (Fig. 8K–N).

Discussion
One important feature of NMDA receptors is its complex and
dynamic changes in the subunit composition, which contributes
to synaptic maturation, plasticity, and diversity (Paoletti et al., 2013).
Although it is well recognized that the composition of NMDA re-
ceptors undergoes a switch from predominantly GluN2B subunit
during embryonic brain development to GluN2A subunit in early
postnatal life (the GluN2B-to-GluN2A switch), the molecular
mechanism regulating this switch remains poorly understood.
Using brain region-specific transcriptomic analyses, we have un-
covered a previously unappreciated role of the HIPK2-JNK– c-
Jun pathway in suppressing the transcription of the Grin2a and
Grin2c genes, which encode NMDA receptor subunits GluN2A
and GluN2C, respectively, in early postnatal brain development
in mice. First, using bioinformatics, luciferase reporters, and bio-

chemical and genetic approaches, we showed that HIPK2 is a
transcriptional corepressor to suppress the expression of Grin2a
and Grin2c. Loss of HIPK2 leads to a significant decrease in the
JNK– c-Jun signaling pathway, increases in Grin2a and Grin2c
mRNA due to reduced transcriptional repression by c-Jun, and
an upregulation of GluN2A and GluN2C protein levels in DA
neurons in the substantia nigra and neurons in the cerebral cor-
tex. Second, in agreement with these findings, ultrastructural and
biochemical analyses show that the increase in GluN2A results in
a significant increase of GluN2A/GluN2B ratio in synapse and
mitochondria, a persistent activation of the ERK-CREB pathway,
and the upregulation of several prosurvival Ca 2�-regulated genes
(Fig. 7K). Finally, pharmacological approaches showed that
Hipk2� / � DA neurons were more resistant to neurotoxin CCCP,
and that this resistance can be reversed by GluN2A inhibitor
NVP-AAM077 or ERK1/2 inhibitor SCH-772984. Together, these
results provide strong evidence supporting the resistance of
Hipk2� /� neurons to cell death induced by mitochondrial toxins.

The GluN2B-to-GluN2A switch in postnatal brain development
is highly evolutionarily conserved from amphibians to mammals
and is considered an important mechanism that has profound im-
pacts from synapse maturation to associative learning (Dumas,
2005). In addition, this switch contributes to changes in the bio-
physical and pharmacological properties of NMDA receptors.
Our results provide both in vitro and in vivo evidence that the
HIPK2-JNK– c-Jun signaling pathway regulates the GluN2B-to-
GluN2A switch in postnatal brain development via transcrip-
tional control of Grin2a and Grin2c. These findings are
complementary to the previously reported role of transcriptional
repressor element-1 silencing transcription factor, which uses an
epigenetic remodeling mechanism to suppress the transcription
of Grin2b in the hippocampal synapses during postnatal develop-
ment in rats (Rodenas-Ruano et al., 2012). Although our study
does not directly investigate the effect of HIPK2 on Grin2a and
Grin2c expression in the hippocampal synapses, given their ubiq-
uitous expression in brain, it is plausible that HIPK2 and repres-
sor element-1 silencing transcription factor may be critical
components of an integral mechanism that cooperatively regu-
lates the GluN2A-to-GluN2B switch during synapse maturation

Figure 6. Altered GluN2A/GluN2B protein ratio in the mitochondria of Hipk2 � / � mouse brain. A, Western blot results showed that the GluN2A protein level was significantly increased, whereas
the GluN2B protein level was decreased, in the mitochondria isolated from the whole brain of 2-month-old Hipk2 � / � mice (top) or from Hipk2 � / � MEF cells (bottom). B, C, The relative signal
intensity of GluN2A, GluN2B, and Vadc1 (a mitochondria-specific marker) protein bands in Hipk2�/� and Hipk2 � / � mouse brains and in Hipk2�/� and Hipk2 � / � MEF cells was quantified with
National Institutes of Health ImageJ software, and reported in B and C, respectively. D–I, Immunogold electron microscopy results showed that the percentage of GluN2A � mitochondria was indeed
increased in Hipk2 � / � neurons, which were mainly located on the outer membrane of the mitochondria. Arrows indicate the GluN2A- or GluN2B-positive mitochondria. Data are mean�SEM from
at least three independent experiments. *p 	 0.05 (ANOVA). Not significant: p � 0.05.
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in postnatal brain development. With the
inherent differences in the biophysical
properties of GluN2A and GluN2B, it is
conceivable that changes in GluN2A/
GluN2B ratio in Hipk2� / � mouse brain
may alter the GluN1/GluN2A dihet-
eromic and GluN1/GluN2A/GluN2B tri-
heteromeric composition in synapses in
substantia nigra and cerebral cortex.

The identification of HIPK2-JNK– c-
Jun pathway as a key mechanism that reg-
ulates the GluN2B-to-GluN2A switch has
important functional implications because
perturbations to this switch have been im-
plicated in many neuropsychiatric disor-
ders. For instance, the Rett syndrome gene
MECP2 has cell type-specific effects in
regulating the NMDA receptor subunit
composition in visual cortex during post-
natal development (Durand et al., 2012).
In mouse models, loss of Mecp2 leads to a
premature NMDA receptor maturation
with more abundant GluN2A on the parv-
albumin� interneurons and regression in
vision (Mierau et al., 2016). Interestingly,
reducing GluN2A expression in Mecp2� /�

mice alleviates the decline in visual func-
tion, suggesting that targeting NMDA
subunit composition might provide feasi-
ble therapeutic targets for Rett syndrome.
Interestingly, a recent forward genetic
screen in human kinases and phospha-
tases for druggable regulators of MeCP2
stability identifies HIPK2 and protein
phosphatase PP2A as strong candidates
that can stabilize MeCP2 protein levels in
vivo (Lombardi et al., 2017). These results
further reinforce the important role of
HIPK2 in regulating the GluN2B-to-GluN2A
switch in the context of neurodevelop-
mental diseases, such as Rett syndrome. In
addition, we have recently shown that the
autocrine TGF-� signaling in ventral
midbrain DA neurons is critical to main-
tain a balanced excitation-inhibition syn-
aptic input. Loss of TGF-� Type II
receptor in DA neurons reduces excit-
atory input and alters the phasic firing
pattern in these neurons. As a consequence,
mice lacking TGF-� Type II receptor in DA
neurons (DAT-iCre;TbRIIfl/fl) exhibit hy-
peractivity and reward learning deficits
(Luo et al., 2016). Given the important
role of HIPK2 in TGF-�/BMP signaling
pathway (Zhang et al., 2007; Chalazonitis
et al., 2011), it is very likely that reduced
HIPK2-mediated regulation of NMDA
receptor subunit expression may contrib-
ute to the synaptic and behavioral changes
in DAT-iCre;TbRIIfl/fl mice.

Aside from its critical roles in synaptic transmission, neuro-
toxicity mediated by NMDA receptors has been implicated in the
pathogenesis of neurodegenerative diseases. In Alzheimer’s disease

model, GluN2B has been shown to mediate amyloid �-mediated
perturbation of LTP and synaptic loss (Hu et al., 2009; Li et al.,
2011; Rönicke et al., 2011). In patients with Parkinson’s disease,
the degeneration of DA neurons in the substantia nigra is associ-

Figure 7. Pharmacological characterizations of CCCP-induced mitochondrial toxicity in Hipk2 � / � DA neurons. A–J, Primary
DA neurons from Hipk2 � / � mice were more resistant to mitochondrial toxicity induced by CCCP than Hipk2�/� DA neurons.
CCCP toxicity in neurons was quantified by the percentage of surviving TH � neurons based on confocal microscopy. Although
blocking GluN2A with NVP-AAM077 increased the sensitivity of Hipk2 � / � DA neurons to CCCP-mediated toxicity, the treated
neurons were still more resistant to CCCP toxicity than Hipk2�/� neurons. ERK inhibitor SCH772984 completely eliminated the
resistance of Hipk2 � / � DA neurons to CCCP-mediated toxicity. Data are mean � SEM from at least three independent experi-
ments. *p 	 0.05 (ANOVA). **p 	 0.01 (ANOVA). ***p 	 0.001 (ANOVA). Not significant: p � 0.05. K, Schematic diagram
depicting the working model by which the HIPK2-JNK pathway regulates c-Jun-mediated suppression of Grin2a and Grin2c in
Hipk2�/� neurons, which maintain the GluN2A/GluN2B ratio to regulate synaptic transmission and Ca 2�-mediated ERK-CREB
signaling pathway. Loss of HIPK2 or inhibition HIPK2 kinase activity by its specific inhibitors reduces JNK– c-Jun signaling, which dere-
presses the transcription of Grin2a and Grin2c, alters the GluN2A/GluN2B ratio, and activates ERK-CREB signal pathway that promotes the
expression of AID genes to promote the survival of Hipk2 � / � neurons in toxicity-induced by mitochondrial toxin CCCP.
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ated with an overactivation of the glutaminergic projection to the
striatum and basal ganglia output nuclei (Sgambato-Faure and
Cenci, 2012). Several plausible mechanisms have been proposed
to explain the potential contributions of NMDA receptor in these
disease settings. First, excessive Ca 2� influx through NMDA re-
ceptors causing Ca 2� overload can be deleterious to neurons.
Second, activation of the synaptic and extrasynaptic NMDA re-
ceptors can promote distinct signaling pathways that contribute
to neuronal survival and cell death, respectively. Finally, activa-
tion of GluN2A-containing NMDA receptors can provide pro-
survival effects in cultured neurons and in stroke models via
CREB signaling pathway (Liu et al., 2007; von Engelhardt et al.,
2007; Chen et al., 2008; Terasaki et al., 2010). Our results show
that the reduced JNK– c-Jun signaling in the substantia nigra and
cerebral cortex in Hipk2� / � mice is accompanied by a robust
increase in the relative abundance of GluN2A and an increase in
GluN2A/GluN2B ratio. In addition, the same brain regions in
Hipk2� / � mice show a robust increase in ERK-CREB signaling

and upregulation of several AID genes. These results are consis-
tent with previous reports (Liu et al., 2007; von Engelhardt et al.,
2007; Chen et al., 2008; Terasaki et al., 2010) and support the idea
that the increase in GluN2A subunit, CREB signaling, and the
expression of AID genes collectively contribute to the resistance
of Hipk2� / � DA neurons to CCCP- and MPTP-induced neuro-
nal toxicity. This idea is further supported by the pharmacologi-
cal inhibition of GluN2A and ERK1/2, which reverses the
resistance of Hipk2� / � DA neurons to CCCP.

Recent studies show that NMDA agonists can also increase the
Ca2� level in isolated brain mitochondria, which attenuates ROS-
induced cytochrome c release and cell death induced by exposure to
excessive glutamate (Korde and Maragos, 2012, 2016). Given the
beneficial effects of GluN2A in mitochondria, it is tempting to spec-
ulate that the increase of GluN2A and reduced GluN2B in the
mitochondria of Hipk2� / � brains might also contribute to the
resistance of Hipk2� / � DA neurons to mitochondrial toxins
CCCP and MPTP. However, it will require more in-depth anal-

Figure 8. Essential role of HIPK2 in mitochondrial toxin-mediated cell death in DA neurons. A–F, TH immunohistochemical stain highlights the ventral midbrain DA neurons in 2-month-old
Hipk2�/�, Hipk2 � / �, and TH-IRES-Cre;R26RHIPK2/HIPK2 mice that received intraperitoneal injection of PBS or MPTP (Figure 8 –1 available at https://doi.org/10.1523/JNEUROSCI.3577-17.
2018f8-1). G, Stereology counting of DA neuron number shows that MPTP causes 
41% reduction in DA neurons in the substantia nigra of Hipk2�/� mice, no reduction in the DA neurons in Hipk2 � / �

mice, and a much more severe reduction in DA neurons in TH-IRES-Cre;R26RHIPK2/HIPK2 mice (Figure 8 –2, available at https://doi.org/10.1523/JNEUROSCI.3577-17.2018f8-2). H–M, Immunofluorescent
confocal microscopy shows the staining of p-Jun in TH � DA neurons in the substantia nigra of 2-month-old Hipk2�/�, Hipk2 � / �, and TH-IRES-Cre;R26RHIPK2/HIPK2 mice treated with either PBS or
MPTP. K, M, Arrowheads indicate the TH � neurons in Hipk2�/� and TH-IRES-Cre;R26RHIPK2/HIPK2 mice show more intense p-c-Jun staining. N, Relative signal intensity of p-c-Jun in TH � DA neurons
is quantified with National Institutes of Health ImageJ software. Results are from at least 3 mice in each condition and genotype. Data are mean � SEM from at least three independent experiments.
*p 	 0.05 (paired Student’s t test). ***p 	 0.001 (paired Student’s t test). ****p 	 0.0005. Not significant: p � 0.05.
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yses of mitochondrial physiology in Hipk2� / � neurons to deter-
mine (1) how an increase in GluN2A alters mitochondrial
membrane potentials under resting condition or when exposed
to CCCP, and (2) whether GluN2A-independent mechanism(s)
might contribute to the resistance of Hipk2� / � neurons to mi-
tochondrial toxins.

In conclusion, our investigation on the transcriptomes of the
substantia nigra in adult Hipk2� / � mice reveals an unexpected
mechanism for HIPK2 in the transcriptional control of NMDA
receptor subunits GluN2A and GluN2C. Together with our pre-
vious study (Zhang et al., 2007), these results support the idea
that HIPK2 is a transcriptional cofactor that has stage- and
context-dependent role in regulating TGF-�-dependent survival
of DA neurons during embryonic development and maturation
of NMDA receptors in the same neurons in early postnatal life.
This mechanism appears to have a broader role in neurons in
different brain regions, including the substantia nigra, cerebral
cortex, and spinal cord. These results are in agreement with our
recent study that ER stress, induced by pharmacological agents or
by the accumulation of misfolded proteins, activates a cascade of
kinases downstream of inositol-requiring enzyme 1�, including
apoptosis signal-regulating kinase 1, HIPK2, and JNK, to pro-
mote cell death in neurons, MEFs, and HEK293 cells (Lee et al.,
2016). Genetically removal of Hipk2 or blocking HIPK2 kinase
activation using HIPK2 kinase inhibitors protects ER stress-
induced neuronal cell death. Based on the results from our cur-
rent study, it is possible that, during ER stress, the activation of
HIPK2-JNK– c-Jun signaling might suppress the transcription of
Grin2a and Grin2c, which can alter the GluN2A-to-GluN2B ratio
and potentially contribute to synaptic maturation in early post-
natal brain development, as well as neuronal cell death under
stress conditions.
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