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SENP2-PLCβ4 signaling regulates neurogenesis through the
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Neurogenesis plays a critical role in brain physiology and behavioral performance, and defective neurogenesis leads to neurological
and psychiatric disorders. Here, we show that PLCβ4 expression is markedly reduced in SENP2-deficient cells and mice, resulting in
decreased IP3 formation and altered intracellular calcium homeostasis. PLCβ4 stability is regulated by the SUMO-dependent
ubiquitin-mediated proteolytic pathway, which is catalyzed by PIAS2α and RNF4. SUMOylated PLCβ4 is transported to the nucleus
through Nup205- and RanBP2-dependent pathways and regulates nuclear signaling. Furthermore, dysregulated calcium
homeostasis induced defects in neurogenesis and neuronal viability in SENP2-deficient mice. Finally, SENP2 and PLCβ4 are
stimulated by starvation and oxidative stress, which maintain calcium homeostasis regulated neurogenesis. Our findings provide
mechanistic insight into the critical roles of SENP2 in the regulation of PLCβ4 SUMOylation, and the involvement of SENP2-PLCβ4
axis in calcium homeostasis regulated neurogenesis under stress.
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INTRODUCTION
Neurogenesis is the process by which neurons are generated
through the division of neural stem cells and maturation of neural
progenitor cells (NPCs) [1]. Adult neurogenesis is regulated and
restricted to the subgranular zone of the dentate gyrus in the
hippocampus and the subventricular zone in the lateral ventricles
of the mammalian brain [2, 3]. Adult neurogenesis is dynamically
regulated by extracellular signals and intracellular properties [4, 5].
Increasing evidence has shown that adult neurogenesis plays a
critical role in brain repair, olfactory behaviors, and behavioral
performance [6, 7].
G protein-coupled receptors (GPCRs) constitute the largest

group of integral membrane proteins involved in the activation of
intracellular signaling and cellular responses [8]. GPCRs bind to
their respective ligands and initiate a broad range of intracellular
signaling events, including activation of adenylyl cyclase, phos-
phodiesterase and phospholipase [9]. Phospholipase C (PLC) is the
major enzyme that catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) to yield diacylglycerol and inositol 1,4,5-
trisphosphate (IP3). DAG and IP3 activate protein kinase C and
release calcium from intracellular stores, respectively [10]. Growing
evidence indicates that PLCβ4, one of the major neuronal isoforms
of PLC, is abundant in Purkinje cells of the rostral cerebellum and
essential for neuronal function [8, 11]. However, whether PLCβ4 is
correlated with neurogenesis remain largely unknown.
SUMO (small ubiquitin-like modifier) is a ubiquitin-like

protein that can be conjugated to lysine residues of the target

protein via E1, E2, and E3 enzymes specific for SUMOylation and
a family of SENPs (Sentrin/SUMO-specific proteases) for
deSUMOylation [12, 13]. SUMOylation is a versatile regulatory
system and has been implicated in multiple biological and
pathological processes [14]. There are six SENPs with different
substrate specificities, including SENP1-3 and SENP5-7 [13].
SENP2-null embryos do not survive to birth because of a
cardiac developmental defect that develops due to the
absence of SENP2, which regulates the binding of the polycomb
complex to H3K27me3 [15]. SENP2 is also important in
regulating myostatin-mediated myogenesis [16] and sudden
unexplained death in epilepsy [17–19]. However, the mechan-
ism of the involvement of SENP2 in neurogenesis is largely
unknown.
In this study, we show that PLCβ4 is SUMOylated at multiple

sites, and SUMOylation regulates the nuclear trafficking of
PLCβ4 and mediates its degradation via the ubiquitin-
proteasome pathway. In addition, PLCβ4 SUMOylation induces
the impairment of intracellular calcium homeostasis, and
ultimately impairs normal neurogenesis. Moreover, the SENP2-
PLCβ4 axis protects cells from responding to oxidative stress via
the regulation of calcium homeostasis. Taken together, our
findings reveal the critical role of SENP2 in PLCβ4 deSUMOyla-
tion and identify an important function of the SENP2-PLCβ4 axis
in the regulation of neurogenesis through calcium homeostasis,
with broad implications for the maintenance of cellular
homeostasis.
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RESULTS
SENP2 deficiency decreases PIP2 hydrolysis and disturbs
calcium homeostasis through PLCβ4
Our previous studies showed that SENP2 deficiency induced hyper-
SUMOylation of the Kv7 potassium channel and diminished the
M-current [17]. To identify whether calcium channels were affected
in SENP2-deficient mice, we measured the intracellular calcium
concentration in the brain and found that the it was dramatically
decreased in the SENP2-deficient mice (Fig. 1A). Because the ER
serves as the largest calcium ion reservoir in the cytosol, we further
measured calcium levels using the cytosolic and ER luminal

calcium indicators Fluo-4-AM and Mag-Fluo-4-AM in SENP2 MEF
cells. The results of both immunofluorescence (IF) staining and flow
cytometry revealed that there was a significant decrease in the
cytosolic calcium concentration and an increase in the ER calcium
concentration in the SENP2−/− MEF cells (Figs. 1B and S1A). We
further detected the role of SENP1 and SENP3 on calcium
homeostasis, and found that both SENP1 and SENP3 showed no
significant effect on calcium homeostasis in SENP1−/− MEF cells or
SENP3 knockdown MEF cells (Figs. S1B–S1E). Intracellular calcium
homeostasis is mainly regulated by calcium channels and pumps
localized in the ER, including IP3R, RyR, and SERCA2. The

Fig. 1 SENP2 deficiency affects calcium homeostasis through PLCβ4-regulated ER calcium channels. A The concentration of calcium in the
brain tissue was significantly decreased in the SENP2-deficient mice compared with the wild-type mice. The concentration of calcium in the
brain tissue was detected by the ELISA kit (n= 5 mice/group). B SENP2 deficiency induced cytosolic calcium overload and ER luminal calcium
depletion in MEF cells. Cytosolic and ER calcium were visualized using the calcium-sensitive fluorescent dyes Fluo-4-AM and Mag-Fluo-4-AM,
respectively and observed by fluorescence microscopy (left), and the fluorescence intensity in each group was quantified (right, n= 6 photos/
group). The scale bar is 100 µm. C and D Dysregulation of ER-resident calcium channels and pumps in SENP2−/− MEF cells (C) and SENP2-
deficient mice (D). Western blot analysis of the cell lysates of the SENP2+/+ and SENP2−/− MEF cells (C) or the brain lysates of the SENP2-
deficient and control mice (D) with anti-IP3R, anti-RyR, anti-SERCA2, anti-SENP2, and anti-β-Tubulin antibodies. E The protein levels of CaM and
CaMK2β were decreased in the SENP2-deficient mice. Western blot analysis of brain extracts from SENP2-deficient and wild-type mice with
anti-CaM, anti-CaMK2β, and anti-β-Actin antibodies. F CaMK2β activity was decreased in the brains of SENP2-deficient mice. The activity of
CaMK2β in the brain tissue of the SENP2-deficient and wild-type mice was measured by the ELISA kit (n= 6 mice/group). G and H The PIP2
level was increased (G) and IP3 level was decreased (H) in the SENP2-deficient mice. The concentrations of PIP2 (G) and IP3 (H) in the brain
tissue of the SENP2-deficient and wild-type mice were measured by the ELISA kit (n= 6 mice/group). I and J The protein level of PLCβ4 was
decreased in the SENP2−/− MEF cells (I) and brain tissue of the SENP2-deficient mice. The cell lysates of the SENP2+/+ and SENP2−/− MEF cells
(I) and brain extracts of the SENP2+/+ and SENP2fxN/fxN mice (J) were analyzed by IB with anti-PLCβ4, anti-SENP2, anti-Gq/11α, or anti-β-Actin
antibodies. K Wild-type SENP2 increased PLCβ4 expression, while the SENP2 catalytic mutant failed to rescue PLCβ4 expression in the
HEK293T cells after SENP2 knockdown. The indicated plasmids were transfected into HEK293T cells, and cell lysates were detected by IB with
anti-PLCβ4, anti-Flag, anti-SENP2, or anti-β-Tubulin antibodies.
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experiments showed that the transcription levels of IP3R and RyR
were decreased in the SENP2-deficient MEF cells and brain (Fig. S1F
and S1G); the protein levels of IP3R and RyR were decreased, and
the protein level of SERCA2 was increased in the SENP2-deficient
MEF cells and brain (Fig. 1C and 1D). We added 1mM or 2mM
CaCl2 to SENP2+/+ and SENP2−/− MEF cells, and detected the
effect of exogenous calcium on calcium homeostasis. However, the
exogenous calcium showed no significant effect on the balance of
calcium in ER and cytosol (Fig. S1H), suggesting that the calcium
gradient between ER and cytosol was generated in a cell
autonomous manner due to SENP2 deficiency. Calcium binding
is required for the activation of CaM and CaMK2, and the
experiments showed that the protein levels of CaM and CaMK2
were decreased in the brain of the SENP2-deficient mice (Fig. 1E).
The CaMK2β activity was dramatically decreased in the SENP2-
deficient mice (Fig. 1F), indicating that SENP2 deficiency leads to a
sustained perturbation of calcium homeostasis.
Because IP3R is activated by IP3, which is produced by PIP2

hydrolysis, we next measured the intracellular PIP2 and IP3
concentrations in mice brain. As shown, the PIP2 level was
increased, and the IP3 level was decreased in the SENP2-deficient
mice (Fig. 1G and 1H). PLCβ4 is critical for the regulation of PIP2
hydrolysis, and the experiments showed that the PLCβ4 level was
dramatically decreased after SENP2 knockdown in HEK293T cells
(Fig. S1I). The PLCβ4 level was also decreased in the SENP2-
deficient MEF cells and brain (Fig. 1I and 1J). Further experiments
showed that Gq/11α, which activates PLCβ4, was not significantly
changed in the brain of the SENP2-deficient mice (Fig. 1J),
indicating that PLCβ4, but not its upstream activators, was
regulated by SENP2. There was no significant variation in PLCβ4
mRNA levels in the SENP2-deficient MEF cells or brain (Fig. S1J and
S1K). Further experiments showed that wild-type SENP2 (SENP2w)
enhanced the expression of PLCβ4, whereas the SENP2 catalytic
mutant (SENP2m) did not in HEK293T cells (Figs. 1K and S1L),
suggesting that PLCβ4 expression is regulated by the catalytic
activity of SENP2. Further experiment showed that SENP2, but not
SENP1 or SENP3, specifically decreased the protein level of PLCβ4
(Fig. S1M). These results indicate that SENP2 regulates PLCβ4-
induced hydrolysis of PIP2, and affects intracellular calcium
homeostasis.

PLCβ4 is SUMOylated and SENP2 is a specific protease of
PLCβ4
Our results suggest that SENP2 may regulate the expression of
PLCβ4 through deSUMOylation (Fig. 1K). The SUMOplot (www.
abcepta.com/sumoplot) predicted that PLCβ4 is highly likely to be
SUMOylated (Fig. S2A). The western-blot results showed that
PLCβ4 was conjugated with exogenous SUMO1 and, to a greater
extent, with SUMO2 in HEK293T cells (Fig. 2A). SUMO2-modified,
but not SUMO1-modified, bands were highly enriched in the brain
of the SENP2-deficient mice (Fig. 2B). Next, the modification of
PLCβ4 by endogenous SUMO2 was confirmed by the IP of PLCβ4
from PLCβ4-transfected HEK293T cells (Fig. S2B). Furthermore, the
SUMOylation of PLCβ4 was enhanced in SENP2−/− MEF cells
(Fig. S2C). PIAS family members are the major SUMO E3 ligases,
and the IP assay revealed that PIAS2α was the major SUMO E3
interacting with PLCβ4 (Fig. S2D), and PIAS2α dramatically
enhanced the SUMOylation of PLCβ4 (Fig. 2C). These results
indicated that PIAS2α is the specific E3 ligase catalyzing PLCβ4
SUMOylation.
SUMOylation is catalyzed by several enzymes and can be

reversed by members of the SENP family. The co-IP experiment
showed that PLCβ4 strongly binds to SENP2 (Fig. S2E).
Furthermore, SENP2w, not SENP2m, deconjugated SUMOylated
PLCβ4 (Fig. 2D). IF staining showed that PLCβ4 colocalized with
PIAS2α in the nuclear rim, with SUMO2 and SENP2 in the nucleus
of HEK293T cells (Figs. 2E and S2F). The bioinformatics analysis
of PLCβ4 revealed three potential SUMO-conjugation consensus

sites, including K466, K995, and K1162 (Fig. S2A). These
predicted SUMO sites are located in the X domain and
C-terminus of PLCβ4, respectively (Fig. S2G), and are evolutio-
narily conserved in different species (Fig. S2H). In mapping
experiments, K466, K995, and K1162 were shown to be SUMO-
conjugation sites of PLCβ4 (Fig. 2F). These results indicate that
PLCβ4 is SUMOylated and SENP2 interacts with PLCβ4 to
deconjugate its SUMOylation.

SUMOylation promotes the ubiquitin-mediated degradation
of PLCβ4 via the STUBL RNF4
SENP2 deficiency decreased the expression level of PLCβ4 (Fig. 1I
and 1J), suggesting that SUMOylation may regulate
PLCβ4 stability. We transfected wild-type PLCβ4 (PLCβ4w) or the
triple-SUMO site mutant PLCβ4 (PLCβ4m) into HEK293T cells, and
harvested proteins after treatment with CHX for different periods
of time. As shown, PLCβ4w was degraded much faster than
PLCβ4m after 24 h of treatment with CHX (Fig. 3A). SENP2 MEF
cells were treated with MG132 or chloroquine to inhibit the
ubiquitin or lysosome-dependent degradation pathways, and
the results showed that MG132, but not chloroquine, prevented
the degradation of PLCβ4 (Fig. S3A). SENP2 knockdown via siRNA
also promoted the degradation of PLCβ4, and MG132 treatment
prevented its degradation (Fig. S3B). SUMOylation enhanced
PLCβ4w ubiquitination, whereas PLCβ4m was poorly ubiquiti-
nated in HEK293T cells (Fig. 3B). We then measured the extent of
exogenous ubiquitination of PLCβ4 in HEK293T cells and found
that PLCβ4w underwent more ubiquitination than PLCβ4m
(Fig. 3C). We further found that PLCβ4 was ubiquitinated by
endogenous ubiquitin (Fig. S3C), and ubiquitination of endogen-
ous PLCβ4 was increased in the SENP2−/− MEF cells (Fig. 3D). IF
staining showed that PLCβ4 colocalized with ubiquitin in the
nuclei of HEK293T cells (Fig. S3D). These results demonstrated that
PLCβ4 is SUMOylated and degraded via the ubiquitin-mediated
proteasomal degradation pathway.
SUMOylation of PLCβ4 induced its ubiquitination and degrada-

tion, which requires the E3 ubiquitin ligase STUBL (SUMO-targeted
ubiquitin ligase). Several ring finger proteins have been reported
to have a SIM, such as RNF4 and RNF111 [20], and IF staining
showed that PLCβ4 colocalized with RNF4 in the nuclei of
HEK293T cells (Fig. S3E). We performed the ubiquitination assay to
verify the involvement of RNF4 in the SUMO-triggered ubiquitina-
tion of PLCβ4. As shown, both SUMO2 and RNF4 promoted the
ubiquitination of PLCβ4 (Fig. 3E). Furthermore, RNF4 knockdown
reduced exogenous SUMO-dependent PLCβ4 ubiquitination
(Fig. 3F). These data show that RNF4 mediates the ubiquitination
of SUMO-modified PLCβ4.

SENP2 regulates the interaction of Nup205 with PLCβ4 for
cytoplasm-nucleus transport
PLCβ4 is a crucial phospholipase and is mainly localized in the cell
membrane and cytosol. The IF staining showed that PLCβ4w
preferentially colocalized with SUMO2 in the nucleus, whereas
PLCβ4m remained in the cytoplasm (Figs. 4A and S4A). Fractiona-
tion of transfected HEK293T cells also showed that SUMOylation
dramatically enhanced PLCβ4 accumulation in the nucleus
(Fig. 4B). These results indicate that hyper-SUMOylation facilitates
the nuclear import of PLCβ4 from the cytoplasm.
To identify the proteins that facilitate nuclear import of PLCβ4,

PLCβ4w, or PLCβ4m was transfected into HEK293T cells, and
bound proteins were extracted for LC-MS/MS analysis (Fig. S4B).
The results showed that PLCβ4w and PLCβ4m bind a large number
of different proteins (Fig. S4C), and PLCβ4w binds mostly nuclear
lumen and membrane-bound vesicle proteins (Fig. S4D), which is
consistent with the GO analysis of different cellular component
pathways (Fig. 4C). Among these interacting proteins, binding of
the nucleoporin complex NUP205 showed significantly difference
between PLCβ4w and PLCβ4m (Fig. S4E). RanBP2 has been
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implicated in numerous transport pathways as SUMO E3 ligase,
and the interaction of RanBP2 and Nup205 with PLCβ4 was
significantly decreased after SUMO mutation (Fig. 4D). Further-
more, RanBP2 knockdown dramatically reduced the interaction
between PLCβ4 and Nup205 (Fig. 4E). Sequence analysis of
NUP205 indicated that the protein encompasses several predicted
SIM motifs, which are conserved in various species (Fig. S4F and
S4G). The experiment showed that endogenous Nup205 copreci-
pitated with SUMO2-modified proteins (Fig. 4F). These data

indicate that RanBP2 enhances the SUMOylation of PLCβ4 to
facilitate its interaction with Nup205 through SIM-SUMO2
interaction.
PIP2 and phosphoinositide-modifying enzymes coexist in the

nucleus, and inositol polyphosphate multikinase (IPMK) regulates
the transcription of the nuclear receptor steroidogenic factor (SF-1)
by directly phosphorylating PIP2 [21]. The mRNA level of SF-1 was
measured after SENP2 knockout, and the results showed a
significant decrease of SF-1 mRNA in SENP2-deficient MEF cells

Fig. 2 PLCβ4 SUMOylation is modified by SUMO2 and deconjugated by SENP2 in vitro and in vivo. A PLCβ4 was mainly modified by
exogenous SUMO2 in HEK293T cells. The indicated plasmids were transfected into HEK293T cells, and the IP with GFP from cell lysates were
detected by IB with anti-HA antibody. The WCL was detected by IB with anti-HA or anti-GFP antibodies. B PLCβ4 was mainly modified by
endogenous SUMO2 in the brain tissue of SENP2-deficient mice. The IP with anti-PLCβ4 from the brain lysates of the SENP2-deficient and
control mice were detected by IB with anti-SUMO1, anti-SUMO2, or anti-PLCβ4 antibodies. C PIAS2α enhanced the SUMOylation of PLCβ4. The
indicated plasmids were transfected into HEK293T cells, and the IP with Flag from cell lysates were detected by IB with anti-SUMO2 or anti-
PIAS2α antibodies. The WCL was detected by IB with anti-SUMO2 or anti-Flag antibodies. D SENP2 deconjugates SUMOylated PLCβ4.
The indicated plasmids were transfected into HEK293T cells, and the IP with GFP from cell lysates were detected by IB with anti-HA antibody.
The WCL was detected by IB with anti-HA, anti-GFP, or anti-Flag antibodies. E Colocalization of PLCβ4 with PIAS2α, SUMO2 and SENP2 in the
nucleus. The indicated plasmids were transfected into HEK293T cells, and the cells were harvested for immunocytochemistry with anti-PLCβ4
(green) and anti-PIAS2α, anti-SUMO2 or anti-SENP2 (red) antibodies. DAPI (blue) was used to show nuclei. The scale bar is 5 µm. F K466, K995,
and K1162 are the major SUMOylation sites of PLCβ4. Wild-type (w) or mutant GFP-PLCβ4 and HA-SUMO2 were transfected into HEK293T cells,
and the IP with GFP from cell lysates were detected by IB with anti-HA antibody. The WCL was detected by IB with anti-HA or anti-GFP
antibodies.
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and brain (Fig. 4G and 4H). These results indicate that PLCβ4 might
have similar signaling activity in nuclear and cytoplasmic
membranes, regulating PIP2 hydrolysis and reducing the SF-1
transcription mediated by IPMK.

Calcium homeostasis disruption induced by SENP2 deficiency
impairs neuronal viability and neurogenesis
We next explored the potential role of SENP2 regulated calcium
homeostasis in the neuronal function in mice. As expected, the

levels of SENP2 and PLCβ4 were significantly decreased in SENP2-
deficient mice (Fig. S5A and S5B). Furthermore, to identify in
which cells SENP2 and PLCβ4 were expressed, we performed IF
staining with various makers, and the results showed that both
SENP2 and PLCβ4 were expressed in mature neurons (Fig. S5C and
S5D), immature neurons (Fig. S5E and S5F), and NPCs (Fig. S5G
and S5H). Golgi staining revealed dramatically decreased numbers
of neurons in the hippocampus in 6-week-old SENP2-deficient
mice (Figs. 5A and S5I). Nissl staining revealed a significant

Fig. 3 SUMOylation contributes to the ubiquitination and degradation of PLCβ4 by the STUBL RNF4. A SUMOylation decreased the
stability of the wild-type PLCβ4 but not the mutant PLCβ4. Wild-type PLCβ4 (w) or the triple-SUMO site mutant (m) and HA-SUMO2 were
transfected into HEK293T cells, and the cells were treated with CHX for different periods of time. The cells were harvested, and the cell lysates
were detected by IB with anti-GFP, anti-HA, or anti-β-Tubulin antibodies (top). The gray analysis was performed by comparing the PLCβ4 band
to the β-Tubulin band (bottom, n= 3 repeats/group). B Exogenous ubiquitin induced the ubiquitination of PLCβ4. Wild type or mutant PLCβ4
and HA-ubiquitin plasmids were transfected into HEK293T cells, and the IP with PLCβ4 from cell lysates were detected by IB with anti-
Ubiquitin antibody, and the WCL were detected by IB with anti-HA or anti-GFP antibodies. C SUMOylation of PLCβ4 increased its endogenous
ubiquitination. PLCβ4w or PLCβ4m and HA-SUMO2 plasmids were transfected into HEK293T cells, and the IP with GFP from cell lysates were
detected by IB with anti-ubiquitin antibody, and the WCL were detected by IB with anti-HA or anti-GFP antibodies. D PLCβ4 was modified by
endogenous ubiquitin in SENP2−/− MEF cells. The IP with anti-PLCβ4 from MEF cell lysates were detected by IB with anti-ubiquitin antibody.
The WCL was detected by IB with anti- PLCβ4 antibody. E RNF4 enhanced the ubiquitination of PLCβ4. The indicated plasmids were
transfected into HEK293T cells, and the IP with anti-GFP from cell lysates were detected by IB with anti-ubiquitin antibody. The WCL was
detected by IB with anti-HA, anti-GFP, and anti-Flag antibodies. F Ubiquitination of PLCβ4 was decreased after RNF4 knockdown in
HEK293T cells. The indicated plasmids were transfected into HEK293T cells, and the IP with anti-GFP from cell lysates were detected by IB with
anti-ubiquitin antibody. The WCL was detected by IB with anti-HA, anti-GFP, and anti-RNF4 antibodies.
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decrease in viable neurons and increase in injured neurons in the
hippocampus, especially in the DG area, of the SENP2-deficient
mice (Fig. 5B). We isolated hippocampal neurons from mice and
analyzed their morphology, and the Sholl analysis indicated that
SENP2-deficient neurons were shorter with decreased numbers of
primary dendrites and less neuronal complexity (Figs. 5C and S5J).
These results showed that SENP2 deficiency decreased neuronal
viability in mice.
Since the depletion of neurons is often due to impaired

neurogenesis [22], we explored neurogenesis in 6-week-old
SENP2-deficient mice. IF and IHC staining of NeuN indicated that
SENP2 deficiency dramatically decreased the number of mature
neurons in the brain, especially in the hippocampus (Figs. 5D, S5K,
and S5L). In addition, IF staining for DCX indicated that SENP2
deficiency decreased the number of immature neurons in the
hippocampus (Fig. 5E). On the other hand, the numbers of two
types of gliocytes, astrocytes and microglial cells, were both
increased in the hippocampus of the SENP2-deficient mice
(Figs. 5F, S5M and S5N). Staining for Nestin and Ki-67 showed
that there were significantly decreased number of NPCs, and

decreased proliferation of NPCs in the hippocampus of the SENP2-
deficient mice (Fig. 5G). BrdU or EdU was injected into 6-week-old
mice, and the results showed that SENP2 deficiency significantly
inhibited neurogenesis in vivo (Fig. 5H–5J, and S5O). The TUNEL
assay indicated that neural apoptosis was not significantly
different between the SENP2-deficient and control mice (Fig. S5P).
These results indicated that SENP2 deficiency impaired the
neurogenesis in hippocampus.
Next, we detected these neuronal markers at postnatal day 10

(p10), and staining for NeuN with DCX or GFAP showed no
significant difference between the SENP2-deficient and control
mice at p10 (Fig. S5Q and S5R). We further detected neuronal
markers in 4-week-old mice, and the results showed that mature
neurons were diminished in the hippocampal CA2 area (Fig. S5S),
and immature neurons were diminished in the hippocampal DG
area of the SENP2-deficient mice (Fig. S5T). Ki67 staining showed
less NPC proliferation in the hippocampus of the 4-week-old
SENP2-deficient mice than in the wild-type mice (Fig. S5U). These
results suggest that SENP2 deficiency affects neurogenesis in a
time-dependent manner.

Fig. 4 SENP2 regulates the interaction of Nup205 with PLCβ4 for cytoplasm-nucleus transport. A SUMOylation of PLCβ4 promoted its
localization in the nucleus. Wild-type or SUMO mutant PLCβ4 and HA-SUMO2 plasmids were transfected into HEK293T cells, and the cells
were harvested for immunocytochemistry with anti-PLCβ4 (green) and anti-SUMO2 (red) antibodies. DAPI (blue) was used to show nuclei.
The scale bar is 5 µm. B SUMOylation of PLCβ4 promoted its translocation from cytoplasm to the nucleus. The indicated plasmids were
transfected into HEK293T cells, and the lysates from the whole cell (W), cytoplasm (C) and nucleus (N) were detected by IB with anti-GFP,
anti-HA, anti-Lamin A/C, or anti-β-Tubulin antibodies (left). The gray analysis was performed by GFP band compared to β-Tubulin band
(right, n= 3 repeats/group). C Bioinformatics analysis of the top 10 significant different cellular pathways regulated by wild-type PLCβ4.
D SUMO mutant PLCβ4 exhibited diminished interaction with RanBP2 and Nup205. The indicated plasmids were transfected into
HEK293T cells, and the IP with anti-GFP from cell lysates were detected by IB with anti-RanBP2, anti-Nup205, and anti-GFP antibodies.
E RanBP2 is essential for the interaction of PLCβ4 and Nup205. The indicated plasmids were transfected into HEK293T cells, and the IP with
anti-Flag from cell lysates were detected by IB with anti-Nup205 antibody. The WCL was detected by IB with anti-HA, anti-Flag, and anti-
RanBP2 antibodies. F Nup205 interacted with SUMO2 conjugates. The indicated plasmids were transfected into HEK293T cells, and the IP
with anti-Nup205 from cell lysates were detected by IB with anti-HA antibody. The WCL were detected by IB with anti-HA and anti-Nup205
antibodies. G–H The mRNA level of SF-1 was decreased in SENP2−/− MEF cells (G) and the brains of the SENP2-deficient mice (H). The
expression levels of SENP2 and SF-1 transcripts in SENP2−/− MEF cells and SENP2-deficient mice were measured by real-time PCR and
normalized to control mice (n= 3 mice/group).
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SENP2-regulated neural viability through calcium
homeostasis is PLCβ4-dependent
We further identified the roles of PLCβ4 in calcium homeostasis
and neural viability affected by SENP2 deficiency. PLCβ4
knockdown decreased the protein levels of IP3R and RyR and
increased the protein level of SERCA2 in HT22 and PC12 cells
(Figs. 6A, 6B, S6A and S6B), indicating that PLCβ4 knockdown
disrupts calcium homeostasis. SENP2 MEF cells were cultured

and treated with PLC activator m-3m3-FBS, and the results
showed that the PLC activation increased IP3R level and
decreased SERCA2 level in SENP2+/+ MEF cells (Fig. 6C). Since
there was dramatically decreased PLCβ4 in the SENP2−/− MEF
cells, the PLC activator showed no significant effect (Fig. 6C).
The SENP2 knockdown similarly diminished the regulatory
effect of the PLC activator on calcium homeostasis-related
proteins in HT22 cells (Fig. 6D). These results indicate that

Fig. 5 SENP2-deficient mice exhibit decreased neuronal viability and defective neurogenesis. A SENP2 deficiency decreased the number of
hippocampal neurons. The brains of SENP2-deficient and wild-type mice were sliced for Golgi staining (left). Quantitative analysis of the
stained neurons in the DG and CA1-CA3 areas of the hippocampus (right, n= 4 mice/group). The scale bar is 100 μm. B SENP2 deficiency
decreased neuronal viability. The brains of SENP2-deficient and wild-type mice were sliced for Nissl staining (left). Quantitative analysis of the
stained neurons in the DG and CA1-CA3 areas of the hippocampus (right, n= 4 mice/group). The scale bar is 100 μm. C SENP2 deficiency
affected normal neuronal morphology. Hippocampal neurons were cultured for Sholl analysis (n= 10 neurons/group). D SENP2 deficiency
decreased the number of mature neurons. The brains of SENP2-deficient and wild-type mice were sliced for immunofluorescent staining with
anti-NeuN (green) antibody (left). Quantitative analysis of the stained mature neurons in the hippocampal areas (right, n= 5 mice/group).
DAPI (blue) was used to show nuclei. The scale bar is 100 µm. E SENP2 deficiency decreased the number of immature neurons. The brains of
SENP2-deficient and wild-type mice were sliced for immunofluorescent staining with anti-DCX (red) antibody. Quantitative analysis of the
stained immature neurons in the hippocampal areas (right, n= 5 mice/group). DAPI (blue) was used to show nuclei. The scale bar is 100 µm.
F SENP2 deficiency increased the number of astrocytes. The brains of SENP2-deficient and wild-type mice were sliced for immunofluorescent
staining with anti-GFAP (red) antibody. Quantitative analysis of the stained astrocytes in the hippocampal areas (right, n= 5 mice/group). DAPI
(blue) was used to show nuclei. The scale bar is 100 µm. G SENP2 deficiency inhibited the proliferation of NPCs. The brains of SENP2-deficient
and wild type mice were sliced for immunofluorescent staining with anti-Nestin (green) and anti-Ki67 (red) antibodies. Quantitative analysis of
the stained NPCs in the hippocampal areas (right, n= 5 mice/group). DAPI (blue) was used to show nuclei, and the arrow was used to indicate
the double-positive cells. The scale bar is 100 µm. H–J SENP2 deficiency inhibited neurogenesis. The brains of SENP2-deficient and wild-type
mice that had been injected with EdU were sliced for immunofluorescent staining with anti-EdU (red) and anti-NeuN (green, H), anti-DCX
(green, I), anti-Nestin (green, J) antibodies. Quantitative analysis of the stained neurons in the hippocampal areas (right, n= 5 mice/group).
DAPI (blue) was used to show nuclei, and the arrow was used to indicate the double-positive cells. The scale bar is 100 µm.
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PLCβ4 plays a critical role in SENP2-mediated calcium
homeostasis.
To verify the role of PLCβ4 in neuron viability, PLCβ4 was

knocked down in HT22 and PC12 cells, and cell viability was
detected by MTT assay and cell counting. The results showed that
the cell viability of HT22 and PC12 cells was decreased after PLCβ4

knockdown (Figs. 6E, 6F, S6C and S6D). The EdU proliferation assay
showed that the proliferation of HT22 and PC12 cells was largely
inhibited after PLCβ4 knockdown (Figs. 6G and S6E). To confirm
the critical role of PLCβ4 SUMOylation in neuronal viability,
PLCβ4w or PLCβ4m was transfected into PLCβ4 knockdown cells,
and the results showed that PLCβ4w, but not PLCβ4m, reversed
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the decrease in cell viability due to the knockdown of PLCβ4 in
HT22 and PC12 cells (Fig. 6H and 6I). The decreased proliferation
and viability of SENP2 knockdown PC12 cells were rescued by
wild-type, but not SUMO mutant PLCβ4 (Fig. 6J and K). The
imbalanced calcium homeostasis in SENP2 knockdown PC12 cells
was rescued by PLCβ4 activation and wild-type PLCβ4, but not
SUMO mutant PLCβ4 (Fig. S6F). We applied mitochondria-specific
calcium probe Rhod-2 to check the calcium of mitochondria, and
found that the calcium was significantly overloaded in mitochon-
dria of SENP2−/− MEF cells (Fig. S6G and S6H), indicating that the
increased mitochondrial calcium was the major pathway to induce
cell death in SENP2−/− MEF cells. To verify the role of PLCβ4 in
NPC proliferation, we isolated the primary NPCs and detected
neurosphere formation after PLCβ4 knockdown. The results
showed that PLCβ4 knockdown inhibited neurosphere formation
and the stem cell potential of NPCs (Figs. 6L and S6I). Wild-type
but not SUMO mutant PLCβ4 rescued the neurosphere
formation and the stem cell potential of SENP2-deficient NPCs
(Figs. 6M and S6J).
We further investigated the molecular mechanism how SENP2-

PLCβ4 axis regulates the proliferation of NPCs. It was reported that
12-Deoxyphorbols and ELAC (3,12-di-O-acetyl-8-O-tigloilingol)
induced proliferation of NPCs via PKC activation [23, 24].
Hypoxia/reoxygenation stimulated proliferation of mouse NPCs
through PKC-dependent activation of ERK and Akt [25]. Previous
studies showed that ERK activation is both required and sufficient
for proliferation of adult neural stem cells [26]. Furthermore,
recent report indicated that MiR-140-5p-Prox1 axis regulate the
proliferation and differentiation of neural stem cells through the
ERK/MAPK signaling pathway [27]. These studies suggested
important roles of PKC-ERK in proliferation of NPCs. We isolated
NPCs from mice and showed that PKCα, p-MEK, and p-ERK1/2
were dramatically decreased in SENP2-deficient NPCs (Fig. 6N),
suggesting that SENP2-PLCβ4 axis might regulate the proliferation
of NPCs through PKC-ERK1/2 pathway. Taken together, these
results show that PLCβ4 is essential to SENP2 deficiency-induced
abnormal calcium homeostasis and decreased neural viability.

The SENP2-PLCβ4 axis acts as a sensor during starvation or
oxidative stress
It has been reported that starvation-induced oxidative stress
activates protein kinase and neurogenic pathways to mediate
neuroprotection [28]. HT22 and PC12 cells were subjected to

serum starvation for different periods of time, and the results
showed that both SENP2 and PLCβ4 levels were significantly
increased in a time-dependent manner (Figs. 7A and S7A), which
was followed by a decrease in SUMO1 and SUMO2 modification
levels (Fig. S7B and S7C). The levels of IP3R and RyR were
enhanced and the level of SERCA2 was diminished after starvation
(Fig. 7A). It was reported that starvation could lead to efflux of
calcium from the ER to activate the autophagic pathways, and the
results showed that the protein levels of Beclin1 and LC3-II were
increased after starvation (Fig. 7A). In addition, starvation
increased the transcription of SENP2, but not PLCβ4, in HT22,
PC12, and SH-SY5Y cells (Figs. 7B and S7D). Starvation inhibited
the SUMOylation-mediated ubiquitination of PLCβ4 in HT22 and
PC12 cells (Figs. 7C and S7E). Total PLCβ4 and SUMOylated PLCβ4
were highly decreased after SENP2 knockdown even under
starvation conditions (Figs. 7D and S7F), indicating that
starvation-induced PLCβ4 activation is SENP2-dependent. In
addition, SENP2 knockdown diminished the effects of starvation
on calcium homeostasis-related protein levels and the rescue of
imbalanced calcium homeostasis (Figs. 7D and S7G), indicating an
important role for SENP2 and PLCβ4 in the stress response.
The role of the SENP2-PLCβ4 axis under oxidative stress was

further defined. SENP2 MEF cells were treated with H2O2 or NAC,
and the results showed that H2O2 treatment enhanced the protein
level of PLCβ4, whereas NAC treatment diminished the protein
level of PLCβ4 (Fig. 7E). H2O2 induced expression of SENP2 and
PLCβ4 in a concentration-dependent manner in SENP2+/+ MEF
cells, whereas the expression level of PLCβ4 was minimally
increased in SENP2−/− MEF cells and was much less than that in
SENP2+/+ MEF cells (Fig. 7F), indicating that PLCβ4 is indeed
regulated through a SUMO-dependent degradation system, but
much less from ROS. The protein levels of IP3R and RyR were
increased, and SERCA2 was decreased by H2O2 treatment in a
concentration-dependent manner in SENP2+/+ MEF cells, but no
response to H2O2 in SENP2−/− MEF cells (Fig. 7F). NAC decreased
expression of SENP2 and PLCβ4 in a time-dependent manner in
PC12 cells (Fig. 7G). However, the mitochondrial specific
antioxidant mitoQ showed no significant effect on the expression
levels of IP3R, RyR, and SERCA2 (Fig. S7H). Following decreased
SENP2 and PLCβ4, there was enhanced SUMOylation of PLCβ4
(Fig. S7I), and decreased levels of IP3R and RyR and increased
levels of SERCA2 (Fig. 7G). In addition, H2O2 increased the
transcription of SENP2, whereas NAC decreased the transcription

Fig. 6 SENP2 regulation of neural viability through calcium homeostasis is PLCβ4-dependent. A and B PLCβ4 knockdown affects calcium
homeostasis in HT22 (A) and PC12 (B) cells. sh-Ctrl and two sh-PLCβ4 plasmids were packaged and transfected into cells, and the cell lysates
were detected by IB with anti-IP3R, anti-RyR, anti-SERCA2, anti-PLCβ4, or anti-β-Tubulin antibodies. C PLC activator m-3m3-FBS increased the
expression of calcium channel proteins in SENP2+/+ MEF cells but not in SENP2−/− MEF cells. SENP2+/+ and SENP2−/− MEF cells were treated
with DMSO or m-3m3-FBS, and the cell lysates were detected by IB with the indicated antibodies. D The PLC activator m-3m3-FBS had no
significant effect on the expression of calcium channel proteins in SENP2 knockdown HT22 cells. sh-ctrl and sh2-SENP2 stable cells were
treated with DMSO or m-3m3-FBS, and the cell lysates were detected by IB with indicated antibodies. E and F PLCβ4 knockdown decreased
the viability of HT22 (E) and PC12 (F) cells. The viability of PLCβ4-ctrl, sh1-PLCβ4, and sh2-PLCβ4 stably transfected cells was measured by MTT
assay (n= 3 repeats/group). G PLCβ4 deficiency inhibited the proliferation of PC12 cells. PC12 cells stably transfected with sh-ctrl, sh1-PLCβ4,
or sh2-PLCβ4 were assessed by EdU proliferation assay (left). The EdU fluorescent dye was quantified (right, n= 3 photos/group). DAPI (blue)
was used to show nuclei. The scale bar is 100 µm. H and I Wild-type but not SUMO mutant PLCβ rescued the reduced cell viability due to the
knockdown of PLCβ4 in PC12 (J) and HT22 (K) cells. GFP, GFP-PLCβ4w, or GFP-PLCβ4m plasmid was transfected into stably knockdown cells,
and cell viability was measured via MTT assay (n= 4 repeats/group). J Wild-type but not SUMO mutant PLCβ4 rescued the reduced cell
viability in SENP2 knockdown PC12 cells. GFP-PLCβ4w or GFP-PLCβ4m plasmid was transfected into stably knockdown cells, and the cell
viability was measured via MTT assay (n= 3 repeats/group). K Wild-type but not SUMO mutant PLCβ4 rescued the reduced cell proliferation in
SENP2 knockdown PC12 cells. GFP-PLCβ4w or GFP-PLCβ4m plasmid was transfected into stably knockdown cells, and the cells were assessed
by EdU proliferation assay (left). The EdU fluorescent dye was quantified (right, n= 3 photos/group). DAPI (blue) was used to show nuclei. The
scale bar is 100 µm. L PLCβ4 knockdown inhibited the neurosphere formation of NPCs. NPCs were isolated and transfected with sh-ctrl or two
sh-PLCβ4, and then neurosphere formation was detected (left). The diameter of the clonal spheres was measured and analyzed via ImageJ
software (right, n= 51 clones/group). The scale bar is 5 µm. M Wild-type but not SUMO mutant PLCβ4 rescued the neurosphere formation of
NPCs. NPCs were isolated and transfected with PLCβ4w or PLCβ4m, and then neurosphere formation was detected (left). The diameter of the
clonal spheres was measured and analyzed via ImageJ software (right, n= 50 clones/group). The scale bar is 5 µm. N SENP2 regulated
the proliferation of NPCs through PKC-ERK1/2 pathway. NPCs in the hippocampus of wild type or SENP2 deficiency mice were isolated, and
the cell lysates were detected by IB with indicated antibodies.

X. Chen et al.

345

Cell Death & Differentiation (2022) 29:337 – 350



Fig. 7 The SENP2-PLCβ4 axis responds to starvation and oxidative stress. A Starvation increased SENP2 and PLCβ4 levels, followed by
calcium channel proteins, in a time-dependent manner in PC12 cells. PC12 cells were cultured under starvation conditions for different
periods of time, and the cell lysates were detected by IB with the indicated antibodies. B Starvation decreased the transcription level of SENP2
in PC12 cells. PC12 cells were treated with serum starvation, and the transcript level of SENP2 and SUMO-related genes were measured by
real-time PCR normalized to DMSO control (n= 3 repeats/group). C Starvation decreased the SUMOylation and ubiquitination levels of PLCβ4
in PC12 cells. PC12 cells were starved for 12 h and harvested for IP with IgG or PLCβ4 antibody followed by IB with anti-SUMO2 or anti-
ubiquitin antibodies. D SENP2 is essential for starvation-induced calcium homeostasis in PC12 cells. sh-ctrl and sh2-SENP2 stable cells were
cultured under starvation conditions for 12 h, and the cell lysates were detected by IB with the indicated antibodies. E SENP2 is essential for
oxidative stress-induced expression of PLCβ4. SENP2+/+ and SENP2−/− MEF cells were treated with DMSO, NAC or H2O2 for 30 min, and the
cell lysates were detected by IB with the indicated antibodies. F SENP2 and PLCβ4 increased in an H2O2 concentration-dependent manner in
SENP2+/+ MEF cells. SENP2+/+ and SENP2−/− MEF cells were treated with different concentrations of H2O2 for 30min, and the cell lysates were
detected by IB with the indicated antibodies. G NAC treatment inhibited SENP2 and PLCβ4-regulated ER channel proteins in a time-dependent
manner in PC12 cells. The PC12 cells were treated with NAC for different periods of time, and the cell lysates were detected by IB with the
indicated antibodies. H Oxidative stress decreased the transcription level of SENP2, but no significant effect on PLCβ4 in SENP2 MEF cells.
SENP2+/+ and SENP2−/− MEF cells were treated with DMSO, NAC, or H2O2 for 30min, and the transcript levels of SENP2 and PLCβ4 in SENP2−/−

MEF cells were measured by real-time PCR normalized to control (n= 3 repeats/group). I Both starvation and SUMO inhibition rescued the
viability of PC12 cells. Stably transfected PC12 cells were treated with starvation or 2-D08, and cell viability was measured by MTT assay (n= 4
repeats/group).
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of SENP2 with similar levels of PLCβ4 in SENP2+/+ MEF cells
(Fig. 7H). We further verified the role of SENP2-PLCβ4 axis in
neuron viability during stress, and the results showed that both
starvation and the SUMO inhibitor 2-D08 significantly reversed the
decreased cell viability induced by PLCβ4 knockdown in HT22 and
PC12 cells (Figs. 7I and S7J). Taken together, these results suggest
that SENP2-PLCβ4 axis acts as a specific sensor of starvation and
oxidative stress and regulates cell viability through calcium
homeostasis.

DISCUSSION
Calcium homeostasis is important for the regulation of a wide
variety of cellular processes and is essential for cellular function
[29, 30]. SENP2 deficiency induced PLCβ4 degradation, which
reduced levels of IP3 and IP3R (Fig. 1). Growing evidence has
shown that IP3R and RyR share the same calcium pool, and are
functionally coupled [31]. IP3 diffuses into the IP3R channel and
activates IP3R on the ER, and subsequently followed by RyR,
leading to the uptake of intracellular calcium [32]. SENP2 activates
PLCβ4 and promotes the production of IP3, and the activation of
IP3R by IP3 recruits neighboring domains of RyR, together leading
to calcium release from the ER. SERCA2 usually shows an alteration
that is opposite to that of IP3R and RyR to maintain calcium
homeostasis in the ER [33, 34]. As shown, the RyR level was
decreased, accompanied by increased SERCA2 level (Fig. 1). These
results indicated an important role of SENP2-PLCβ4 axis in the
maintenance of calcium homeostasis through the IP3-regulated
IP3R, RyR and SERCA2.
Neurogenesis is a fine-tuned process that plays important roles

during early development and adulthood [35]. Our study
demonstrated that SENP2 deficiency has no significant effect on
neurogenesis in 10-day-old mice; however, we found fewer
mature and immature neurons in 4-week-old SENP2-deficient
mice, and substantial defect in neurogenesis in 6-week-old mice
(Fig. S5). Six-week-old SENP2-deficient mice showed severe
inhibition of neuron proliferation, accompanied by increased

numbers of astrocytes and microglia cells, indicating that
neurogenesis defects occur via SENP2 deficiency (Fig. 5). These
results demonstrate that SENP2 regulates neurogenesis in a time-
dependent manner. It is possible that SENP2 deficiency could play
a role in neurogenesis in earlier development, such as prior to
postnatal day 10; however, the changes were not detectable using
immune-histochemical analysis. In our previous publication,
SENP2-null embryo died at E10 due to a critical role of SENP2 in
the regulation of polycomb repressive complex in gene silencing
[15]. Increasing evidence showed that calcium signaling mod-
ulates autophagic dynamics [36]. Our studies indicate that the
SENP2-PLCβ4 axis plays a critical role in postnatal neurogenesis by
maintaining calcium homeostasis, providing mechanistic insights
into neurogenesis and development.
A previous study identified that SENP3 was concomitantly

induced by ROS and functioned as a suppressor of autophagic
flux, forming an intrinsic negative feedback loop in the liver [37].
Our study showed that both mRNA and protein levels of SENP2
were stimulated via starvation or oxidative stress, whereas NAC
inhibited the expression of SENP2 (Fig. 7). Oxidative stress exerts a
significant effect on hippocampal neurogenesis [38]. The present
study showed that SENP2 acts as a unique redox-sensitive SUMO
protease in the brain and regulates calcium homeostasis-
regulated neurogenesis through PLCβ4 SUMOylation. These
findings highlight the critical role of the SENP2-PLCβ4 axis under
extracellular stress, showing that it protects cells by maintaining
calcium homeostasis regulated neurogenesis.
In summary, our study demonstrated a novel role of PLCβ4

SUMOylation in the regulation of neurogenesis via calcium
homeostasis under stress (Fig. 8). In SENP2-deficient mice, PLCβ4
is hyper-SUMOylated, which promotes its transport from the
membrane and cytoplasm to the nucleus and subsequent
degradation. SUMOylated PLCβ4 induces the impairment of
intracellular calcium homeostasis and ultimately impaired neuro-
genesis and neuronal viability, which are novel effects of PTM-
mediated regulation of GPCR signaling pathway. In conclusion, our
studies indicate that balancing the SUMOylation of PLCβ4 will be a

Fig. 8 SENP2-PLCβ4 signaling regulates neurogenesis through the maintenance of calcium homeostasis. Schematic model depicting the
role of the SENP2-PLCβ4 axis in the regulation of PLCβ4 stability and calcium homeostasis regulated neurogenesis during stress.
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novel intervention for neurological disorders caused by postnatal
neurogenesis defects.

MATERIALS AND METHODS
Cell culture and treatment
HEK293T, HT22, PC12, SH-SY5Y, SENP2+/+ and SENP2−/− MEF cells [16]
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
containing 10% fetal bovine serum (FBS, Gibco), 100 units/ml penicillin and
100 µg/ml streptomycin at 37 °C in 5% CO2 atmosphere. Cells were
transiently transfected using Lipofectamine 3000 (Invitrogen), according to
the manufacturer’s instructions. For protein degradation assay, transfected
cells were treated with 50 µg/mL cycloheximide (CHX), 10 μM MG132,
100 μM chloroquine for different times, and the whole cell lysates were
analyzed by Western blotting. For starvation assay, cells were starved for
12 h in FBS free DMEM medium to mimic calorie restriction. For oxidative
stress assay, cells were treated with 100 μM H2O2 or 20mM NAC for
different times. For 2-D08 rescue assay, after seeded for 24 h, the cells were
treated with 200 µM 2-D08 for 24 h.

Plasmid construction
Eukaryotic expression plasmids Flag-SENP2 wild type, Flag-SENP2 mutant,
HA-SUMO1, HA-SUMO2 and HA-ubiquitin were previously described [15–17].
The Flag-PLCβ4 and pEGFP-PLCβ4 plasmids were constructed by standard
PCR-based strategies, and SUMO site mutants were generated using the
Quick-change site-directed mutagenesis kit (TianGen). All plasmids were
verified by DNA sequencing.

Animal models
SENP2-deficient mice were described previously [17]. All animals were
housed at room temperature (22 °C), with a 12 h light-dark cycle with ad
libitum access to food and water. Animals were housed 2–5 per cage. All
animal care and studies were performed according to protocols “Guide for
the Care and Use of Laboratory Animals”, which were approved by the
Institutional Animal Care and Use Committee at Shaanxi Normal University,
and all manipulations were conducted in consistence with established
guidelines. Randomization and blinding were used in animal study. For
BrdU/EdU pulse-chase experiments, mice were injected with BrdU or EdU
at a dose of 100mg/kg body weight, twice daily for 5 consecutive days.

RNA knockdown treatment
The siRNA and shRNA oligo-nucleotides targeting SENP2 and PLCβ4 were
purchased from Thermo. The si-RNF4 sequence was used to knockdown
the RNF4 level [39]. The RanBP2 knockdown plasmid pGFP-V-RS-sh-RanBP2
was kindly provided by Dr. Vallee [40]. RNAi transfections were performed
using the Lipofectamine 3000 transfection reagent (Invitrogen).

Generation of the lentiviral system
shRNA knockdown cell lines were generated using a lentiviral system
(System Biosciences). Virus was generated in HEK293TN cells by transfect-
ing the pGreen-Puro, packaging (psPAX2), and envelope (pMD2) plasmids.
Cell culture media was collected 48 h post transfection and immediately
transferred to target cells in the presence of polybrene (Sigma). The
transduced cells were selected with puromycin for 48 h. Real-time PCR or
Immunoblotting (IB) should be manipulated to detect the efficacy of
knockdown.

RNA isolation and real-time PCR
Mice genotyping was described previously [17]. For quantitative analysis of
gene expression, total RNA was extracted using the RNeasy protocol
(Qiagen) from cultured or transfected cells. RNA was treated with DNase
(Promega), and the concentration was determined by measuring
absorbance at 260 nm. Equal RNA levels were used to generate
complementary DNA using the high-capacity cDNA reverse transcription
protocol (Takara). Quantitative real-time PCR was performed using reaction
mixtures of cDNA, primers (Supplementary Table S1), and SYBR Green-
reagent (Takara) with the ABI StepOne system (Perkin-Elmer). PCR was
done in triplicate, and standard deviations representing experimental
errors were calculated. All data were analyzed using ABI PRISM SDS
2.0 software (Perkin-Elmer). This software, which is coupled to the
instrument, allows the determination of the threshold cycle that represents

the number of the cycle where the fluorescence intensity is significantly
above the background fluorescence intensity.

Cellular sub-fractionation
Subcellular fraction protein was isolated by the kit according to the manual
(KeyGen). Briefly, PLCβ4 wild type or sumo mutant and SUMO2 were
transfected into HEK293T cells and incubated with MG132 for 4 h before
harvest. All cells were washed and lysed in hypotonic buffer with protease
inhibitors, and cell lysates were centrifuged. Supernatants were collected
as cytoplasmic extracts, and pellets were washed three times and lysed
with a high-salt buffer with protease inhibitors, vortexed, and rotated. Cell
lysates were centrifuged, and supernatants were collected as nuclear
extracts. Equal amounts of cytoplasmic and nuclear extracts were
performed for Western blotting.

Western blotting and immunoprecipitation
Whole mouse brain or transfected cells were extracted and subsequently
homogenized on ice in lysis buffer with protease inhibitors (Targetmol).
Total protein levels were quantified using the BCA assay (Pierce). Equal
protein amounts were separated by electrophoresis and transferred to
PVDF membranes by electroblotting. Membranes were blocked with 5%
nonfat dried milk, incubated overnight with primary antibodies (Supple-
mentary Table S3), washed, incubated with secondary antibody coupled to
peroxidase, and protein levels were detected with a chemiluminescence
system (Tanon) after additional washing steps. For immunoprecipitation
experiments, brain or cell lysates were incubated overnight with
antibodies. All incubations were performed at 4 °C with constant agitation.
Antibody-bound protein complexes were captured by the addition of
protein A/G agarose and incubated for another 2 h. Protein A/G agarose
was pelleted by centrifugation, and the immunoprecipitated protein
complex was eluted using SDS-PAGE sample buffer and western blotting
with antibodies.

Golgi staining
Golgi staining was manipulated using the FD Rapid Golgi Stain kit (FD
Neuro Technologies). In brief, the brain tissue of 6-week-old wild type and
SENP2-deficient mice were perfused and collected, and then put into a
mixture of solution A and B. The mixture of impregnation solution was
replaced after 24 h of initial immersion, and then kept in dark for 2 weeks
at room temperature, and then incubated in Solution C in dark for 1 week
at 4 °C. The brain was sectioned into slices with a vibratome (Leica) and
mounted on gelatin-coated cover slips. The sections were stained with
premixed Solution D and E for 10min and rinsed with water and
dehydrated with ethanol series, followed by xylene and mounted with DPX
(Invitrogen), and then examined by confocal laser scanning microscopy
(Zeiss).

Nissl staining
Cresyl violet was used to perform Nissl staining for neuron-specific
endoplasmic reticulum granular bodies. Briefly, brain sections were
incubated with cresyl violet (Sigma) in sodium acetate buffer for 5 min
followed by a brief rinse in water. The staining was differentiated in 1%
glacial acetic acid in 95% ethanol until white matter tracts were visible
from gray matter. After dehydration with gradient ethanol, the tissue was
cleared in xylene and mounted with DPX (Invitrogen), and then examined
by confocal laser scanning microscopy (Zeiss).

Hippocampal neuronal culture
Hippocampal neuronal cultures were prepared from 1-day-old SENP2-
deficient and wild type control pups [19]. Hippocampi were removed
rapidly under stereomicroscopic observation, cut into small pieces, and
digested with papain at 37 °C for 15min. The tissue segments were then
transferred to Neurobasal medium (Invitrogen), and triturated with a fire-
polished Pasteur pipette in the presence of DNase I. The cells were plated at
a density of 2 × 104 per 12mm glass coverslip precoated with poly-D-lysine
(BD) and maintained with Neurobasal medium. Two hours after plating, the
medium was removed, and Neurobasal/B27 medium was added.
The hippocampal neurons were cultured in Neurobasal supplemented
with 2% B27 and 1% Glutamax (Invitrogen) in a humidified atmosphere
containing 5% CO2 at 37 °C. Subsequent feeding occurred twice weekly,
each time replacing half the volume with medium including FGF2 and AraC.
The neurons were used for immunocytochemistry at DIV 14.
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Hippocampal NPC culture and neurosphere formation
Isolation of NPC was based on selective expansion from the fetal or adult
mice brains [41]. The hippocampus was isolated from embryonic day 18
(E18) pups. After dissection, triturated tissue was plated in NPC culture
medium (DMEM/F12 with 2% B27, 1% Glutamax, 100 U/mL Penicillin-
Streptomycin, 20 ng/mL EGF, 20 ng/mL b-FGF), which supports the
expansion of stem cells but not for other cell types. For neural stem cell
neurosphere formation assay, the stable sh-PLCβ4 or sh-ctrl transfected
NPC were collected and seeded onto six-well plates and cultured with NPC
proliferation medium.

Immunocytochemistry
Cells transfected with indicated plasmids were grown on cover slips. And
48 h later, cells were washed with PBS, fixed with 4% paraformaldehyde
(PFA, Sigma) and permeabilized with 0.5% Triton X-100 in PBS and then
incubated with antibodies. Nonspecific antibody binding was minimized
by treatment with 5% donkey serum in PBS for 30min at room
temperature. Primary antibodies were diluted in 0.1% Triton X-100 and
incubated with the cells for 1 h at 37 °C. Cells were washed three times in
PBS and then incubated for 1 h at room temperature with secondary
antibodies Alexa Fluro 488 or 546 fluorophores (Invitrogen). The cells were
then washed three times in PBS and mounted using the anti-fade
mounting solution (Dako), and then examined by confocal laser scanning
microscopy (Zeiss).
SENP2-deficient and wild type control mice were perfused transcardially

with cold PBS and then fixed by 4% PFA. The Brain was then coronally
sectioned at a thickness of 10 µm, washed with PBS, and incubated in PBS
containing blocking solution (goat serum, Gibco) for 1 h. Primary
antibodies were incubated overnight in blocking solution at 4 °C and
fluorescence labeled secondary antibodies in blocking solution were
incubated for 1 h at room temperature. After three times washing, slices
mounted on slides with Prolong Gold Antifade (Invitrogen), and then
examined by confocal laser scanning microscope (Zeiss).
For TUNEL assay, paraffin sections were incubated with TUNEL solution

for 60min and alkaline phosphatase antibody for 30min. The sections
were re-stained with hematoxylin. The blue-black nucleus was positive
under a light microscope. For BrdU staining, the sectioned slices were
washed three times with PBS, incubated in 2 M HCl for 30min at room
temperature, incubated with 1 M sodium borate buffer for 10min at room
temperature, and immediately washed three times with PBS. The steps of
blocking and incubation with the primary and secondary antibodies were
identical to those described above.

Cell viability assay
Cells were seeded at a density of 3000 cells/well in 96-well plates and
incubated in the culture medium. After 24, 48, or 72 h, cell viability was
measured using the 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium
bromide (MTT, Sigma) according to the manufacturer’s protocol. Briefly,
15 µL of 5 mg/mL MTT solution was added to 150 µL culture medium. After
4 h incubation at 37 °C, 200 µL dimethyl sulfoxide (DMSO, Sigma) was
added to each well. The absorbance was measured using a multimode
microplate reader (Thermo) at 490 nm.
For cell counting assay, Cells were seeded at a density of 50,000 cells/

well in 24-well plates and incubated in the culture medium. After 24, 48,
72, or 96 h, cells were counted via 0.4% Trypan Blue solution (Sigma-
Aldrich) according to the manufacturer’s protocol. In brief, stained cells
were non-viable cells, while the un-stained cells were counted and
calculated.
For EdU proliferation assay, in the logarithmic growth phase, the cells

were seeded in 6-well plates at 1 × 105 cells per well. Edu labeling, red
fluorescent staining and Hoechst 33342 nuclear counterstaining were
performed according to the EdU Kit (Beyotime biotechnology). EdU-
labeled cells (red fluorescently labeled cells) and non-labeled cells were
counted, and the percentage of EdU-labeled positive cells was calculated.

Intracellular PIP2, IP3, calcium and CaMK2 activity
measurement
PIP2 level was measured by PIP2 mass ELISA kit (Echelon Biosciences)
according to the assay protocol. Briefly, the brain tissue of mice was lysed,
and acidic lipids were collected and incubated with detection and stop
solution, and read absorbance at 450 nm on a plate reader. IP3 level was
measured by mouse IP3 ELISA kit (Mybiosource) according to the manual.
The brain tissue of mice was homogenized, incubated with Biotin and

HRP-avidin antibodies, and finally add stop solution and read at 450 nm on
a plate reader. The calcium level was measured by calcium colorimetric
assay kit (Sigma) according to the procedure. The brain tissue of mice was
homogenized, incubated with calcium assay buffer, and measure the
absorbance at 575 nm on a plate reader. CaMK2β activity was measured
with human CaMK2β ELISA kit (Abcam) according to the manual
instructions. In brief, the brain tissue of mice was rinsed with PBS and
homogenized in cell extraction buffer, and incubated with antibody, and
record the OD at 450 nm on a plate reader.

Identification of PLCβ4 interacted proteins by mass
spectrometric analysis
GFP-PLCβ4 wild type or SUMO mutant and HA-SUMO2 were transfected
into HEK293T cells and incubated with MG132 for 4 h before harvest.
PLCβ4 interacted proteins were enriched via GFP antibody for SDS-PAGE.
The whole bands in two groups were excised and analyzed by Mass
Spectrometry. Briefly, the gel bands were dehydrated and digested using
sequencing grade-modified trypsin. Eluted peptides were sprayed into
Q-Exactive mass spectrometer using a Flex Spray ion source (Thermo). The
resulting LC-MS spectra were converted to peak lists using Mascot Distiller
and analyzed using Scaffold to probabilistically validate protein
identifications.

The cytosolic and ER calcium measurement
The calcium levels of cytosolic and ER were monitored using the specific
calcium sensitive fluorescent indicators Fluo-4-AM and Mag-Fluo-4-AM
(Invitrogen), respectively. The SENP2 MEF cells were cultured for different
treatment, and cells were stained with 2 µM Fluo-4-AM or 2 µM Mag-Fluo-
4-AM for 40min at 37 °C in the dark, followed by wash with HBSS solution.
The calcium levels were calculated according to fluorescence images
collected by fluorescence microscopy (Nikon) or analyzed by flow
cytometry using a FACS Calibur instrument (BD PharMingen).

Quantification and statistical analysis
All data were presented as mean ± S.E.M. or S.D. of at least three separate
experiments. All mice data were presented as mean ± S.E.M. or SD of at
least five mice in each group. Differences between groups were evaluated
by the Student’s t test for two-group comparisons, and one-way ANOVA
followed by Dunnett’s or Tukey’s test or two-way ANOVA followed by
Bonferroni’s test for multiple comparisons among more than two groups.
The variance was similar between the groups that were being statistically
compared. Statistical significance was defined as p < 0.05 (*p < 0.05; **p <
0.01, and ***p < 0.001).

DATA AVAILABILITY
All data are provided in the paper and Supplementary files or are available from the
corresponding authors on reasonable request.
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