
NEURAL REGENERATION RESEARCH｜Vol 17｜No. 7｜July 2022｜1609

NEURAL REGENERATION RESEARCH
www.nrronline.orgResearch Article

Phosphoinositide-3-kinase regulatory subunit 4 
participates in the occurrence and development of 
amyotrophic lateral sclerosis by regulating autophagy

Yue Liu#, Cai-Hui Wei#, Cheng Li#, Wen-Zhi Chen#, Yu Zhu, Ren-Shi Xu*

Abstract  
The development of amyotrophic lateral sclerosis (ALS) may be related to the abnormal alterations of multiple proteins. Our previous study 
revealed that the expression of phosphoinositide-3-kinase regulatory subunit 4 (PIK3R4) was decreased in ALS. However, the role of PIK3R4 
in ALS pathogenesis remains unknown. This study was the first to find that transfection of PC12 cells with small interfering RNA against 
the PIK3R4 gene significantly decreased the expression levels of PIK3R4 and the autophagy-related proteins p62 and LC3. Additionally, in 
vivo experiments revealed that the PIK3R4 protein was extensively expressed in the anterior horn, posterior horn, central canal, and areas 
surrounding the central canal in cervical, thoracic, and lumbar segments of the spinal cord in adult mice. PIK3R4 protein was mainly expressed 
in the neurons within the spinal lumbar segments. PIK3R4 and p62 expression levels were significantly decreased at both the pre-onset and 
onset stages of ALS disease in Tg(SOD1*G93A)1Gur mice compared with control mice, but these proteins were markedly increased at the 
progression stage. LC3 protein expression did not change during progression of ALS. These findings suggest that PIK3R4 likely participates in 
the prevention of ALS progression. This study was approved by the Ethics Committee for Animal Care and Use of Jiangxi Provincial People’s 
Hospital, Affiliated People’s Hospital of Nanchang University (approval No. 2020025) on March 26, 2020. 
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Introduction 
Amyotrophic lateral sclerosis (ALS), known as Lou Gehrig’s 
disease in the USA, is a neurological disease that results in 
damage to the upper and lower motor neurons (Boillée et 
al., 2006; Cai and Fan, 2013; Tsai et al., 2017; Xu and Yuan, 
2021). The motor neuron transmits the physiological message 
from both the brain and spinal cord to the voluntary muscles 
in the arms, legs, and other parts of the body. ALS patients 
gradually lose muscle strength and movement abilities. 

Eventually, muscles involved in respiration fail, and ALS 
patients are unable to breathe without a respirator. In the late 
period of ALS, the majority of patients die from respiratory 
failure. ALS usually occurs in adults between the ages of 40 
and 60 years with higher morbidity in men; however, the 
exact pathogenesis of the disease is still unclear. Since the 
discovery of the involvement of mutant superoxide dismutase 
1 (SOD1) in ALS, related proteins, such as TAR DNA binding 
protein (TDP-43) and FUS RNA binding protein (FUS/TLS), have 
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Graphical Abstract Phosphoinositide-3-kinase regulatory subunit 4 (PIK3R4) possibly inhibits 
neuronal degeneration to prevent the progression of amyotrophic lateral 
sclerosis by regulating autophagy
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been shown to participate in ALS pathogenesis; however, no 
abnormal proteins have been discovered that can fully explain 
the pathogenesis of ALS for the entire course of the disease 
(Mitchell and Borasio, 2007; Ludolph et al., 2012; Salameh et 
al., 2015; Chen et al., 2021).

Autophagy is a cellular catabolic pathway, which involves 
the degradation of proteins, turnover of organelles, and 
non-selective break-down of cytoplasmic components; it 
is an evolutionarily conserved and exquisitely regulated 
bioprocess in eukaryotes (Cheon et al., 2019; Yang et al., 
2020). The autophagy process initiates with the generation of 
autophagosomes, which are reticulated double membranes 
within the cell that engulf cytoplasmic substances and 
fuse with lysosomes for subsequent degradation of the 
phagosomal contents. Autophagy is modulated by extra- or 
intracellular stress signals, including starvation, growth factor 
deprivation, and endoplasmic reticulum stress (Guo et al., 
2018). Furthermore, autophagy exerts a key role in cellular 
homeostasis and maintenance of the basic quality of cellular 
components (Codogno et al., 1997; Guo et al., 2018; Jung et 
al., 2020).

The phosphoinositide-3-kinase regulatory subunit 4 (PIK3R4) 
gene is located on chromosome 3q22.1. The human PIK3R4 
protein is 1358 amino acids in length and approximately 
153 kDa in mass. Components of phosphatidylinositol 
3-kinase (PI3K) include PIK3C3 (catalytic subunit) and PIK3R4 
(regulatory subunit). Beclin 1 associates with the regulatory/
auxiliary subunit and may become a part of PI3K, resulting 
in the formation of an alternative complex. The alternative 
complexes comprising a fourth regulatory subunit are 
PI3KC3-C1 (PI3K complex I), which includes autophagy related 
14 (ATG14), and PI3KC3-C2 (PI3K complex II), which includes 
beclin 1 binding protein (Panaretou et al., 1997; Matsunaga et 
al., 2009; Fogel et al., 2013; Baskaran et al., 2014). PI3KC3-C1 
exhibits a V-shaped architecture with PIK3R4, which serves as 
the bridge between PIK3C3 and the ATG14:BECN1 sub-complex 
(Baskaran et al., 2014). Both PIK3C3-C1 and PIK3C3-C2 may 
associate with other regulatory subunits, including Rubicon 
autophagy regulator, BIF-1, autophagy and beclin 1 regulator 1, 
and nuclear receptor binding factor 2 (NRBF2) (Matsunaga et 
al., 2009; Thoresen et al., 2010; Cao et al., 2014). PIK3C3-C1 
is likely related to PIK3CB and interacts with Ras-related 
protein Rab-7a and NRBF2 (Cao et al., 2014) within the 
PIK3C3/VPS34 complex (Stein et al., 2003). The PIK3R4 protein 
mediates the formation of phosphatidylinositol-3-phosphate 
as the regulatory subunit of the PIK3 complex. Moreover, the 
different forms of the PI3K complex affect several pathways 
involving trafficked membranes. PIK3C3-C1 contributes 
to initiating the autophagosome, maturating both the 
autophagosome and endocytosis of PIK3C3-C2, and regulating 
the degradation of endocytic traffic and cytokinesis (Thoresen 
et al., 2010).

SOD1 transgenic mice are the most commonly used 
animal model for in vivo studies of ALS. PC12 cells possess 
the morphological characteristics of neural cells and are 
frequently used in in vitro studies of neurological diseases 
(Kato et al., 2005; McCaffrey, 2006; Zhang et al., 2012; Trippier 
et al., 2014). Based on previous studies (Rosen et al., 1993; 
Li et al., 2016; Lu et al., 2016; Liang et al., 2017; Chung et 
al., 2018; Zhang et al., 2018a, b), we hypothesized that the 
expression and distribution of abnormal autophagy-related 
proteins may be part of the pathogenic mechanism of ALS. 
Many proteins are involved in autophagy, including PIK3R4. 
The expression of this protein was significantly decreased 
in the Tg(SOD1*G93A)1Gur (TG) mouse model of ALS in our 
previous study (Zhang et al., 2018b). Therefore, the aim of this 
study was to further explore the relationships between PIK3R4 
and ALS pathogenesis in these TG mice.

Materials and Methods 
Cell line and animals
The PC12 cell line (#RRID: CVCL_F659) was purchased from 
the Cell Bank of the Chinese Academy of Sciences (Serial: TCR 
9) and was originally derived from a rat pheochromocytoma. 
PC12 cells were cultured at a constant temperature of 37°C 
and 5% carbon dioxide in low sugar Dulbecco’s modified 
Eagle medium (DMEM; Gibco; Grand Island, NY, USA) 
containing 10% fetal bovine serum (Gibco). TG mice (Stock 
No. JAX:004435; Jackson laboratory; Bar Harbor, ME, USA) 
and wild-type (WT) mice were provided by the Model 
Animal Research Institute of Nanjing University (license No. 
SYXK (Su) 2019-0056). All studies and experiments with 
animals included the rationale for testing animals and were 
conducted in accordance with the Guide for the Care and 
Use of Laboratory Animals of China. The mice were housed in 
a facility maintained at 20–27°C and 40–50% humidity with 
a 12 hour light/dark cycle and were provided free access to 
food and water. Protocols were reviewed and approved by the 
Ethics Committee for Animal Care and Use at Jiangxi Provincial 
People’s Hospital, Affiliated People’s Hospital of Nanchang 
University (approval No. 2020025; approval date: March 26, 
2020). All experiments were designed and reported according 
to the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines (Percie du Sert et al., 2020). 

Small interfering RNAs for silencing PIK3R4
The sequences of small interfering RNAs (siRNAs; Shanghai 
GenePharma Co. Ltd.; Shanghai, China) were as follows: 
PIK3R4 siRNA sequences: 5′-GCA CAA AAC UGC UAA AAU 
TT-3′, 5′-AUU UAC AGC AGA UUU GUG CTT-3′; and negative 
control siRNA sequences: 5′-UUC UCC GAA CGU GUC ACG 
UTT-3′, 5′-ACG UGA CAC GUU CGG AGA ATT-3′. The PC12 
cells were transfected with PIK3R4 siRNA or negative control 
siRNA. On the day before transfection, adherent PC12 cells in 
a logarithmic growth phase were dissociated with trypsin and 
counted. Then, the appropriate number of cells (approximately 
3.0–8.0 × 105 cells/well) were resuspended in fresh culture 
medium without antibiotics, added to six-well plates, and 
incubated overnight. For transfection, 250 µL Opti-MEM 
medium (Gibco) was added to each of two 1.5 mL sterile 
centrifuge tubes (labeled A and B), and 120 pM siRNA in 250 
µL DMEM was added to tube A and gently mixed. Then, 4 
µL Lipofectamine® 2000 (Invitrogen; Carlsbad, CA, USA) and 
250 µL DMEM were added to tube B and incubated at room 
temperature for 5 minutes. Next, samples A and B were 
mixed and incubated at room temperature for 20 minutes. 
Finally, a total volume of 2 mL of fresh medium containing the 
transfection reagent mixture was added to the appropriate 
cells in the six-well plate. After 6 hours, the culture medium 
was replaced with 90% DMEM/10% fetal bovine serum. 

Real-time reverse transcription polymerase chain reaction
For each sample, Trizol (Solarbio, Beijing, China) was added 
to the PC12 cells and the solution was transferred to an 
RNAse-free Eppendorf tube. Chloroform was added at a 
1:5 ratio of chloroform to Trizol, mixed, and the mixture 
was centrifuged at 12,000 × g, 4°C for 20 minutes. The 
supernatant was transferred to another Eppendorf tube 
with an equal volume of isopropanol, centrifuged at 12,000 
× g, 4°C for 15 minutes, and the resulting supernatant 
was discarded. Anhydrous ethanol was added to the RNA 
precipitate, which was centrifuged at 12,000 × g, 4°C for 10 
minutes, and the supernatant was discarded again. Finally, 
diethyl pyrocarbonate-treated water was added to dissolve 
the RNA pellet. The concentration of RNA was measured using 
a spectrophotometer (Mettler Toledo; Zurich, Switzerland). 
The extracted RNA was used for reverse transcription 
polymerase chain reaction (RT-PCR). The experimental steps 
were as follows: 2 µL 5X PrimeScriptTM RT Master Mix (TaKaRa 
Bio, Tokyo, Japan), 2 µL total RNA, and RNase free ddH2O 
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were added to a final volume of 10 µL/tube. The reverse 
transcription reaction was performed at 37°C for 15 minutes, 
and the reverse transcriptase was inactivated at 85°C for 5 
seconds. 

The PCR primers were purchased from Beijing Liuhe Huada 
Gene Technology Co., Ltd. (Beijing, China). The β-actin 
forward-primer was 5′-CTG AGA GGG GAA AAT CGT GCG 
TGA C-3′, and the reverse-primer was 5′-AGG AAG GAG GAT 
GCA GTG G-3′. The PIK3R4 forward-primer was 5′-GAA CTT 
CAA GCA GCT CAT ACA AC-3′, and the reverse-primer was 
5′-GCT CAT GAA GAT GTG CAA CTAG-3′. The preparation of 
the quantitative PCR solution was performed on ice and each 
reaction consisted of 10 µL TB Green Premix Ex Taq II reagent 
(Takara), 0.8 µL of each gene-specific forward and reverse 
PCR primers, 0.4 µL ROX Reference Dye II (Takara), 2 µL 
complementary DNA solution (Takara), and 6 µL distilled H2O. 
The standard PCR amplification procedure was as follows: one 
cycle of denaturation at 95°C for 30 seconds followed by 40 
cycles comprising 95°C for 5 seconds and 60°C for 30 seconds. 
After amplification, we observed the amplification and melt 
curves for the quantitative PCR and obtained the effective 
cycle threshold (Ct) values, which were analyzed using 
GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, 
CA, USA).

Cell proliferation assay
Cell proliferation was measured using the Cell Counting 
Kit-8 (CCK-8; Dojindo; Kumamoto, Japan). After a 24-hour 
transfection, 100 µL cells/well were added to a 96-well 
plate and 10 µL CCK-8 solution was added to each well. The 
transfected cells were incubated in CCK-8 solution for 1–4 
hours at 37°C. Absorbance at 450 nm was detected using a 
microplate reader (Thermo Fisher; Waltham, MA, USA).

Genotyping of TG mice
Interleukin-2 (IL-2) primers were used as a positive internal 
control. DNA from the tails of the TG mice was examined by 
PCR. As in our previous study (Zhou et al., 2015; Zhang et al., 
2018b; Zhang et al., 2018a), the 5′-CTA GGC CAC AGA ATT GAA 
AGA TCT-3′ sequence was used as the IL-2 forward-primer and 
5′-GTA GGT GGA AAT TCT AGC ATC ATC C-3′ as the IL-2 reverse-
primer. For detection of the human SOD1G93A mutation, the 
sequence 5′-CAT CAG CCC TAA TCC ATC TGA-3′ was used as 
the forward-primer and 5′-CGC GAC TAA CAA TCA AAG TGA-3′ 
as the reverse-primer. The primers were synthesized by Beijing 
Liuhe Huada Gene Company (Beijing, China). The amplification 
conditions were set at 94°C denaturation for 3 seconds, 60°C 
annealing for 1 minute, and 72°C extension for 1 minute; the 
number of cycles was 35. 

Experimental groups of mice and sample preparation
Eighteen TG and 18 WT mice were randomly selected for the 
experimental and control groups, respectively. Each stage 
(60–70 days; 90–100 days; 120–130 days) consisted of six 
TG and six WT mice. After the genotypic identification of the 
mice, TG and WT mice were randomly selected for a blinded 
immunohistochemical staining analysis. After staining, we 
matched the results of each sample to its true identity and 
summarized these data. 

TG mice were sacrificed at 60–70 days (pre-onset stage), 90–
100 days (onset stage), or 120–130 days (progression stage), 
and WT mice were sacrificed on the same days as controls. 
At each stage of disease, the gastrocnemius muscles were 
removed, sectioned, and examined using hematoxylin-eosin 
staining, and changes in muscle structure were observed 
by light microscopy (Nikon; Tokyo, Japan) to evaluate the 
different disease stages (Rosen et al., 1993; Henriques et 
al., 2010; Zhou et al., 2015). The hematoxylin-eosin staining 
procedure was as follows: the sections were washed for 1 
minute, incubated with Mayer’s hematoxylin solution for 

5 minutes, washed again for 10 minutes, and immersed 
for 3 minutes in a solution containing 1% acetic acid with 
0.5% eosin. After washing three times, the sections were 
dehydrated successively in 70% ethyl alcohol for 1 minute, 
90% ethyl alcohol for 30 seconds, 100% ethyl alcohol for 30 
seconds, and xylene for 30 seconds. These protocols were 
previously described (Zhou et al., 2015). No animals or data 
points were excluded from the analysis.

Fluorescent immunohistochemical staining
For fluorescent immunohistochemical staining, WT and TG 
mice were anesthetized using a solution of 10% chloral hydrate 
(Merck, Darmstadt, Germany) with 3% sodium pentobarbital 
(Merck) and then perfused at room temperature with 20 
mL normal saline followed by 40 mL 4% paraformaldehyde 
in 1× phosphate buffer saline (PBS, pH 7.5). The spinal cords 
were excised and placed in 4% paraformaldehyde overnight, 
incubated in 20% sucrose in 1× PBS, pH 7.5, and embedded 
in OCT freezing medium (Sakura Finetek USA, Inc., Torrance, 
CA, USA). Spinal cords were cut from the rostral to caudal 
side into 12-µm-thick sections using a cryostat (Leica; Wetzlar, 
Germany), and the sections were placed on Superfrost Plus 
slides (Citotest; Haimen, China). Sections were rehydrated 
in 1× PBS (pH 7.4), permeabilized with 0.2% Triton X-100, 
and blocked with 10% bovine albumin dissolved in 1× PBS. 
The sections were incubated with anti-PIK3R4 (1:100; RRID: 
AB_11141464; rabbit; Cat# ab128903; Abcam; Cambridge, 
MA, USA) and anti-NeuN (1:200; RRID: AB_10711040; mouse; 
Cat# ab104224, Abcam) antibodies at 4°C overnight and 
washed 6× in 0.2% Triton X-100/1× PBS for 5–10 minutes per 
wash. The sections were incubated with cyanine-3-conjugated 
goat anti-rabbit IgG (1:200; RRID: AB_2890957; Cat# SA00009-
2; Proteintech China; Wuhan, Hubei, China) and fluorescein 
isothiocyanate-conjugated donkey anti-mouse IgG (1:200; 
RRID: AB_2857366; Cat# SA00003-9; Proteintech China) for 
2 hours at room temperature. After adequately washing, the 
sections were covered with antifade medium and observed 
with a Nikon E800 fluorescent microscope. Images were 
captured with a spot digital camera (Diagnostic Instruments; 
Sterling Heights, MI, USA) and analyzed using Photoshop CC 
2019 software (Adobe Systems; San Jose, CA, USA). 

Western blot assay
Protein extraction and quantification procedures were 
conducted for PC12 cells after PIK3R4 silencing with siRNA 
as follows. Lysis buffer (100–150 µL) containing 1 mM 
phenylmethylsulfonyl fluoride was added to PC12 cells in 
each well of the six-well plates. The cell lysate solutions 
were centrifuged at 14,000 × g for 3–5 minutes at 4°C, and 
the supernatants were collected. Protein concentrations 
were quantified using a bicinchoninic acid kit (Solarbio). The 
operation steps for spinal protein extraction and quantification 
were as follows. Mice in each group were sacrificed after the 
animals were anesthetized with a solution of 10% chloral 
hydrate as a sedative combined with 20% urethane analgesia. 
The mice were quickly placed on ice, and the spinal cords 
were carefully separated. From each mouse, 30 mg of 
lumbar spinal cord was removed and transferred to a 1.5 mL 
Eppendorf tube, and 200 µL pre-cooled lysis buffer was added. 
An electronic tissue grinder was used to grind the lumbar cord 
until there were no obvious particles. After 2 hours of lysis, 
the tissue lysate was centrifuged at 12,000 × g for 10 minutes 
at 4°C, and the supernatant was collected.

Western blots were used for the semi-quantitative analysis 
of spinal proteins in each mouse group. Proteins (20–40 µg) 
were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to the polyvinylidene fluoride 
membranes (Millipore; Bedford, MA, USA). Membranes 
were blocked with 5% skim milk in PBS for 1 hour at room 
temperature and incubated with primary antibodies. The 
concentrations of primary antibodies were as follows: anti-
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glyceraldehyde-3-phosphate dehydrogenase (1:2000; RRID: 
AB_2263076; rabbit; Cat# 10494-1-AP; Proteintech China); 
anti-PIK3R4 (1:2000; RRID: AB_11141464; rabbit; Cat# 
ab128903; Abcam), anti-SOD1 (1:2000; RRID: AB_2193750; 
rabbit ;  Cat# 10269-1-AP;  Proteintech China) ,  ant i -
sequestosome 1 (SQSTM1, p62; 1:1000; RRID: AB_2810880; 
rabbit; Cat# ab109012; Abcam) and anti-microtubule-
associated proteins 1A/1B light chain 3 (LC3; 1:2000; 
RRID: AB_2137737; rabbit; Cat# 14600-1-AP; Proteintech 
China). Horseradish peroxidase-conjugated goat anti-rabbit 
IgG (1:1500–2500; RRID: AB_2722564; Cat# SA00001-2; 
Proteintech China) was selected as the secondary antibody. 
Chemiluminescence was evaluated using the BeyoECL Plus 
Kit (Beyotime; Shanghai, China), and the detailed procedures 
were previously described (Zhang et al., 2018b). Image J 
software (National Institute of Health; Bethesda, MD, USA) 
was used to analyze protein band densities. Relative protein 
expression was normalized to glyceraldehyde-3-phosphate 
dehydrogenase, a house-keeping protein.

Statistical analysis
Statistical methods were not used to predetermine sample 
sizes; however, our sample sizes are similar to those reported 
in a previous publication (Zhou et al., 2015). Data were 
analyzed and plotted using GraphPad Prism 7. Experimental 
data are presented as mean ± standard deviation (SD). 
Comparisons of three or more groups were conducted using 
one-way analysis of variance followed by Tukey’s post hoc 
tests, and the Student’s t-test was employed for comparisons 
between two groups. P < 0.05 was considered statistically 
significant.

Results
Efficiency of PIK3R4 silencing by siRNA in PC12 cells
At 24 hours after siRNA transfection, quantitative PCR showed 
the mRNA expression of PIK3R4 in the siRNA-PIK3R4 group 
was decreased compared with the negative control (P = 
0.0011) and non-transfected groups (P = 0.0004; Figure 1A).

Transfection with PIK3R4 siRNA does not affect cell 
proliferation in PC12 cells 
Cell proliferation in the siRNA-PIK3R4, negative control, and 
non-transfected groups was not significantly different at 24, 
48, and 72 hours after transfection. The results were analyzed 
using one-way analysis of variance followed by Tukey’s post 
hoc tests (P > 0.05; Figure 1B). 

protein levels between the two groups are shown in Figure 
2B–D (PIK3R4: P = 0.0353, p62: P = 0.0088, LC3: P = 0.0106). 
SOD1 expression was slightly decreased in the PIK3R4 siRNA 
group compared with the non-transfected group (P = 0.0487; 
Figure 2A and E). 
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Figure 1 ｜ Effect of PIK3R4-siRNA interference on PIK3R4 mRNA 
expression and cell proliferation of PC12 cells.
(A) PIK3R4 mRNA expression (2–ΔΔCT) detected by real-time, fluorescent, 
quantitative reverse transcription polymerase chain reaction. (B) Cell 
proliferation activity (optical density at 490 nm) detected using the Cell 
Counting Kit-8. Data are presented as the mean ± SD. The experiment was 
repeated three times. ***P < 0.001, ****P < 0.0001 (Student’s t-test). NC: 
Negative control group; PIK3R4: phosphoinositide-3-kinase regulatory subunit 
4; siRNA: siRNA-PIK3R4 group.

Transfection with PIK3R4 siRNA decreases the protein 
expression of PIK3R4, p62, and LC3 in PC12 cells
Western blot results demonstrated that transfection of PC12 
cells with PIK3R4 siRNA markedly decreased the protein 
expression of PIK3R4, p62, and LC3 compared with the non-
transfected group (Figure 2A). Differences in the relative 
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Figure 2 ｜ Effect of PIK3R4-siRNA interference on the protein expression 
of PIK3R4, p62, LC3, and SOD1 in PC12 cells.
(A) Protein bands of PIK3R4, p62, LC3, and SOD1 detected by western blot 
assays. (B–E) Quantitative results for PIK3R4 (B), p62 (C), LC3 (D), and SOD1 
(E) protein expression. Relative protein expression was normalized to GAPDH. 
Data are expressed as the mean ± SD. The experiment was repeated three 
times. *P < 0.05, **P < 0.01 (Student’s t-test). GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; LC3: microtubule associated protein 1 light chain 3; 
SOD1: superoxide dismutase 1; PIK3R4: phosphoinositide-3-kinase regulatory 
subunit 4; siRNA: siRNA-PIK3R4 group.

PIK3R4 protein is distributed in cervical, thoracic, and 
lumbar segments of the spinal cord in TG mice 
Immunofluorescence staining demonstrated that PIK3R4-
positive cells were extensively distributed in the anterior horn, 
central canal, the area surrounding the central canal, and the 
posterior horn of the cervical, thoracic, and lumbar segments 
of the spinal cord during the pre-onset, onset, and progression 
stages in both the WT and TG mice (Figure 3). PIK3R4-positive 
cells decreased in the anterior horn of the cervical, thoracic, 
and lumbar cord segments of TG mice during progression 
(Figure 3). Based on “rough” observations using fluorescence 
microscopy, the general tendency was decreased PIK3R4 
distribution in the spinal cord of TG mice at pre-onset, onset, 
and progression stages compared with WT mice. However, a 
detailed fluorescence data analysis was not performed.

PIK3R4 is expressed and distributed in neurons of spinal 
lumbar segments in TG mice
Immunofluorescence staining showed that PIK3R4 was 
extensively expressed and distributed within NeuN-positive 
neuronal cells in the anterior horn, posterior horn, and central 
canal of the spinal lumbar segments. PIK3R4 expression and 
distribution in neurons of the spinal lumbar segments were 
not significantly changed between WT and TG mice at the pre-
onset, onset, and progression timepoints (Figure 4).

Protein expression of PIK3R4, p62, LC3, and SOD1 is altered 
in the spinal lumbar segments of TG mice
PIK3R4 protein expression in TG mice was significantly 
decreased at both pre-onset and onset stages,  and 
significantly increased at the progression stage in comparison 
with the equivalent timepoints for WT mice (pre-onset: P = 
0.0036, onset: P = 0.0459, progression: P = 0.0487; Figure 5A 
and B). The expression of p62 was significantly decreased at 
the pre-onset stage (P = 0.0081) and significantly increased at 
the progression stage in the TG group (P = 0.011) compared 
with the corresponding WT groups (Figure 5A, C). LC3 protein 
expression was not significantly different between the WT and 
TG mice at the different stages (pre-onset: P = 0.9678, onset: 
P = 0.7698, progression: P = 0.8141; Figure 5A, D), and SOD1 
was only expressed in the TG mice (Figure 5A).
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Figure 3 ｜ Distribution of PIK3R4-positive cells in the anterior horn, posterior 
horn, and areas within and around the central canal in the cervical, thoracic, 
and lumbar regions of the spinal cord in WT and TG mice (immunofluorescence 
staining).
PIK3R4 (red, stained with cyanine 3) was extensively distributed in the AH, PH, 
and CC of the cervical, thoracic, and lumbar segments at pre-onset (60–70 
days), onset (90–100 days), and progression (120–130 days) stages of disease. 
PIK3R4-positive cells tended to decrease with disease progression in the AH of 
the cervical, thoracic, and lumbar segments in TG mice, which suggested that 
a reduction of PIK3R4 protein may have occurred in the neurons. The arrows 
indicate typical PIK3R4 positive cells. Scale bars: 500 µm. AH: Anterior horn; CC: 
central canal; PH: posterior horn; PIK3R4: phosphoinositide-3-kinase regulatory 
subunit 4; TG: Tg(SOD1*G93A)1Gur mice; WT: wild-type mice.
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Figure 4 ｜ PIK3R4 and NeuN double-positive cells in the AH, PH, and areas around the CC of the spinal lumbar segment at different stages in both WT and 
TG mice (immunofluorescence staining). 
PIK3R4-positive cells (red, stained with cyanine 3) overlapped extensively with NeuN-positive cells (green, stained with fluorescein isothiocyanate) in the AH, 
PH, and CC at pre-onset (60–70 days), onset (90–100 days), and progression (120–130 days) stages in both WT and TG mice, which indicated that PIK3R4 
expression was present in neurons. Scale bars: 500 µm. AH: Anterior horn; CC: central canal; PH: posterior horn; PIK3R4: phosphoinositide-3-kinase regulatory 
subunit 4; TG: transgenic mice; WT: wild-type mice.
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Figure 5 ｜ Protein expression of PIK3R4, 
p62, LC3, and SOD1 in the spinal lumbar 
segments of WT and TG mice at different 
stages. 
(A) Protein bands of PIK3R4, p62, and 
LC3 detected by western blot assay. (B) 
Quantitative results of PIK3R4 (B), p62 (C), and 
LC3 (D) protein expression. Relative protein 
expression was normalized to GAPDH. Data are 
presented as the mean ± SD. Three technical 
replicates were performed for each mouse 
(3 mice per group). *P < 0.05, **P < 0.01 
(Student’s t-test). GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; LC3: microtubule 
associated protein 1 light chain 3; mSOD1: 
mutant superoxide dismutase 1; PIK3R4: 
phosphoinositide-3-kinase regulatory subunit 
4; siRNA: siRNA-PIK3R4 group.
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Discussion
In this study, we described changes in the expression and 
distribution of PIK3R4 and its related proteins in cell and 
animal experiments. Although cell survival was not significantly 
changed in the in vitro experiments, the autophagy-related 
proteins p62 and LC3 were significantly downregulated, and 
the SOD1 protein was slightly downregulated when PIK3R4 
expression was reduced by siRNA. In the ALS animal model 
(TG mice), the PIK3R4 protein was abundantly expressed 
and distributed in the anterior horn, central canal, area 
surrounding the central canal, and posterior horn of the spine. 
Furthermore, PIK3R4 protein expression was found within the 
neurons of these spinal regions. In TG mice, the expression 
of PIK3R4 and p62 showed a decreasing trend in the pre-
onset and onset stages and an increasing trend during the 
progression stage of the disease. LC3 protein expression did 
not change significantly in the spinal cord. We also propose 
that there was a tendency for a decrease in PIK3R4 positive 
cells in the anterior horn of each spinal cord segment of TG 
mice at the progression stage. 

PIK3R4 is an important component of the autophagy process 
(Ohashi et al., 2016). Mutations in PIK3R4 can lead to a defect 
in neuronal migration and, eventually, to a rupture in the 
hippocampal pyramidal cell layer. Complete ablation of PIK3R4 
can lead to the accumulation of autophagy substrates, which 
may induce apoptosis and severe cortical atrophy (Gstrein 
et al., 2018). In addition, mice lacking PIK3R4 in skeletal 
muscle may suffer from severe myopathy (Nemazanyy et 
al., 2013). Therefore, PIK3R4 protein is closely related to the 
development of lesions in skeletal muscle. As an important 
autophagy-related protein, p62 is a receptor protein that 
specifically binds to autophagy substrates. In this study, p62 
protein was decreased at the pre-onset stage of disease 
in TG mice, suggesting a decrease in autophagy substrate 
binding. In PC12 cells, the down-regulation of PIK3R4 protein 
by siRNA transfection resulted in decreased expression of 
the autophagy biomarkers p62 and LC3 proteins. Despite the 
downregulation of PIK3R4, p62, and LC3 proteins, PC12 cell 
proliferation was not altered. The decreased expression of 
p62 and LC3 proteins suggested autophagy was decreased. 
Therefore, the downregulation of PIK3R4 protein may lead 
to a decrease in autophagy and maintenance of survival of 
PC12 cells. In the mouse study, PIK3R4 and p62 proteins 
were significantly downregulated at the pre-onset and onset 
stages and upregulated at the progression stage of ALS 
in TG mice compared with WT mice at the corresponding 
timepoints. Downregulation of PIK3R4 and p62 protein at 
the early stages may allow the self-repair of neuronal cells 
by preventing autophagy and upregulation at the later stage 
may promote autophagy-mediated neuronal degeneration. 
PIK3R4 may be a part of the ALS pathogenic mechanism 
by regulating autophagy. Therefore, preventing abnormal 
PIK3R4 downregulation in the early stages of the disease may 
be a potential target for ALS treatment and a method for 
preventing the progression of ALS. 

In the ALS neurodegenerative process, related cellular 
mechanisms have been discovered, such as RNA imbalance, 
abnormal  prote in  homeostas is ,  and mitochondr ia l 
dysfunction. Aggregates of insoluble proteins, mitochondrial 
lesions, and stress particles containing RNAs and proteins 
are recognized and promptly degraded via selective 
autophagy. The relationship between autophagy disorders 
and neurodegenerative diseases, including ALS, has been 
confirmed by several studies (Hara et al., 2006; Guo et al., 
2018; Vicencio et al., 2020). Autophagy in neurons exerts 
a protective effect under steady state conditions. In mice 
lacking autophagy essential genes in the central nervous 
system, such as Atg5 and Atg7, the extensive accumulation 

of ubiquitinated cytoplasmic inclusion bodies is a feature of 
neurodegeneration (Hara et al., 2006; Komatsu et al., 2006). 
The most obvious evidence that autophagy participates in 
the ALS pathophysiological process is the accumulation of 
autophagy-related features in the spinal neurons of ALS 
patients (Sasaki, 2011). 

The majority of studies on the pathophysiological mechanisms 
of ALS have been performed using ALS models. Mutant 
SOD1 mouse models have been extensively applied to study 
ALS pathogenesis (Nassif et al., 2014; Rudnick et al., 2017; 
Mitsui et al., 2018; Beltran et al., 2019; Li et al., 2019). 
The mutant SOD1 mouse model showed that, through 
the visualization of yeast Atg8 homologs (mainly LC3-II), 
autophagy increased, and mTOR activity decreased (Saxena 
et al., 2013). In Tg(SOD1*G93A)1Gur mice, an increase in 
p62 levels coincided with an increase in autophagy (Gal et 
al., 2007; An et al., 2014). The p62 (SQSTM1) protein was the 
first autophagy receptor to be discovered and was shown 
to bind to ubiquitinated substrates to mediate transfer to 
the autophagosome for subsequent degradation, thereby 
maintaining protein homeostasis (Tung et al., 2010). The levels 
of p62 are often considered an indicator of autophagy activity 
because p62 is degraded together with its substrate. It is worth 
noting that p62 is expressed in motor neurons of the spinal 
cord, and p62 gene mutations account for approximately 1% 
of ALS cases (Rudnick et al., 2017). Mutations of p62 located 
in the LC3-interacting region domain indicate the influence 
of selective autophagy on the pathogenesis of ALS (Fecto et 
al., 2011). Acting as a scaffold protein, p62 also plays a key 
regulatory role in a variety of signal transduction pathways, 
such as amino acid sensing, oxidative stress, DNA damage 
response, nuclear factor kappa beta activation, cell death, and 
ubiquitin-mediated degradation through the proteasome and 
autophagy (Deosaran et al., 2013; Zhang et al., 2014; Goodall 
et al., 2016; Salazar et al., 2020).

This study had the following deficiencies. First, because only 
a cell line was transfected with siRNA to downregulate the 
PIK3R4 protein, the degree of evidence for the functional 
mechanism of PIK3R4 in ALS is poor. Further studies that 
upregulate this protein in an in vitro ALS model may be 
useful to observe cell survival activity and misfolded protein 
aggregation. Second, the number of animals per group was 
small in our study, and the PIK3R4 immunofluorescent staining 
was not sufficient to quantitate the differences in PIK3R4 
expression and distribution. We observed the expression 
and distribution in different anatomical regions of the spinal 
cord for both WT and TG mice at the pre-onset, onset, and 
progression stages. However, expression differences may exist 
between the WT and TG mice in other anatomical sites and 
at different timepoints during disease progression, and the 
exact alterations require further investigation. Furthermore, 
although we observed the distribution and expression of 
PIK3R4 in vivo, molecular interventions were not performed in 
the ALS mice, which has led to a limited understanding of the 
possible phenotypic changes brought by regulation of PIK3R4 
in ALS.

In summary, the autophagy-related proteins p62 and LC3 were 
significantly downregulated after downregulation of PIK3R4 
protein in PC12 cells, which implied that PIK3R4 may prevent 
autophagy by regulating the expression of p62 and LC3. The 
PIK3R4 protein was abundantly expressed and distributed 
in the neurons of the spinal anterior horn, central canal and 
surrounding area, and posterior horn. In the animal model of 
ALS, the expression of PIK3R4 and p62 decreased in the pre-
onset and onset stages and increased in the progression stage 
of disease. These data demonstrated that PIK3R4 and p62 
decreased in ALS as a whole. Second, because levels of these 
proteins were increased during disease progression, our data 
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suggest that autophagy played a role in self-protection but 
could not reverse disease progression. Finally, the autophagy 
pathway may be a method to prevent the progression of ALS 
disease by promoting autophagy to reduce the accumulation 
of abnormal proteins, thus prolonging the survival of ALS 
mice. However, this hypothesis requires further study. In 
conclusion, our data suggest that PIK3R4 may prevent the 
progression of ALS by regulating autophagy.
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