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Abstract 
Poly (C)-binding protein 1 (PCBP1), which acts as an RNA binding protein, 
has multiple functions and regulates gene expression by binding to polycyto-
sine, poly (C). The aim of the present study was to investigate the novel func-
tion of PCBP1 in the nervous system microenvironmen. The overexpression 
of PCBP1 has a critical effect on the proliferation and anti-apoptosis of neu-
roblastoma and glial cells in the direct model, whereas the overexpression of 
PCBP1 in neuroblastoma or glial cells cannot affect the proliferation or 
apoptosis of neuroblastoma or glial cells through substances secreted extra-
cellularly. Furthermore, through direct or indirect actions, PCBP1 suppressed 
the expression of nuclear factor kappa B (NF-κB) and the inflammatory cyto-
kine interleukin (IL)-6 and increased the levels of the anti-inflammatory cy-
tokine IL-10; additionally, PCBP1 changed the expression of functional pro-
teins, such as heat shock protein 70 (HSP70), glial cell line-derived neuro-
trophic factor (GDNF) and brain-derived neurotrophic factor (BDNF). The 
results suggest that PCBP1 can regulate the nervous system in proliferation, 
apoptosis, inflammatory response and expression of relevant functional pro-
teins, and it could provide novel targets for gene treating human neurological 
disorders. 
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1. Introduction 

Poly (C)-binding protein 1 (PCBP1), also known as αCP1 or hnRNP E1, is a 
bridge protein with multiple biological functions in mammalian cells [1]. PCBP1 
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belongs to a subfamily of heterogeneous nuclear ribonuclear proteins (hnRNPs), 
and this subfamily contains three hnRNP K homology (KH) domains. PCBP1 
regulates gene expression through the KH structural domain interaction with 
single- and double-stranded DNA [2] [3]. As a signal cofactor, PCBP1 has been 
implicated in multiple functions, such as DNA replication, transcriptional regu-
lation, posttranslational modifications and mRNA translation and stabilization 
[4] [5] [6]. 

Perhaps most importantly, PCBP1 can participate in the interactions of pro-
teins with nucleic acids or proteins. It was found that an AU-rich element (ARE) 
is recognized by PCBP1, although several PCBP1-binding sites are CU-rich ele-
ments or oligo (rC) elements [7] [8] [9]. Recent studies indicated that PCBP1 
could regulate alternative splicing of the CD44 gene and act as global regulators 
of alternative polyadenylation [10]. It has been reported that a loss of phospho-
rylation regulation of PCBP1 expression or posttranslational modification is as-
sociated with carcinoma or metastasis, such as non-small-cell lung cancer 
(NSCLC), thyroid carcinoma, and prostate cancer [11] [12] [13]. PCBP1 can also 
transport iron through metal regulation and protein interaction, and there are 
four main targets: ferritin, prolyl hydroxylases (PHDs), asparaginyl hydroxylase 
(FIH1) and deoxyhypusine hydroxylase (DOHH) [14] [15] [16]. In addition, 
PCBP1 also functions as a negative regulator of vesicular stomatitis virus (VSV) 
to inhibit the expression of virus genes [17]. 

Nuclear factor kappa B (NF-κB), which is a sensor of oxidative stress and is 
important for inflammatory reactions [18], modulates the expression of both an-
ti-apoptotic and apoptotic genes [19] and accumulates in dopaminergic neurons 
in neurodegenerative diseases, such as Parkinson’s disease and Alzheimer’s dis-
ease [20]. NF-κB is composed of 50 kDa (p50) and 65 kDa (p65) heterodimer 
subunits. It has been reported that NF-κB (p65) can be expressed in neurons of 
the striatum, substantia nigra and hippocampus. A previous interesting study 
indicated that the overexpression of PCBP1 can augment the signal transducer 
and activator of transcription 3 (STAT3)-mediated suppression of NF-κB activa-
tion and enhance the antagonistic effect of IL-10 on IL-6 production, while inhi-
bition of PCBP1 reduces it [21]. 

Intriguingly, in addition to their canonical roles in the above study, some stu-
dies gradually uncovered some functions of PCBP1 in nervous system diseases. 
Previously, we found that PCBP1 can mediate mRNA transfer through the inte-
raction of fibrillar layer proteins A/C in Gilford progeria syndrome [22]. A re-
cent study uncovered that PCBP1 has a greatly increased interaction with the 
small heat shock protein HSPB1 (HSP27), which results in a reduction of trans-
lational repressive activity in neurodegenerative disease [23]. In our previous 
study, when the endogenous PCBP1 gene is knocked down, many genes related 
to functions such as neuron occurrence, development, and axon formation are 
affected [24]. Thus far, these studies have indicated that PCBP1 might provide 
neuroprotection by promoting neurodevelopment. However, how PCBP1 pro-
motes neuroprotection in the neural system microenvironment has not been ex-
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tensively studied. 
This study shows that PCBP1 is closely related to the proliferation, an-

ti-apoptosis, anti-inflammatory and neurotrophic factor secretion of neuroblas-
toma cells and glial cells, suggesting that PCBP1 plays a significant role in the 
nervous system microenvironment. In this study, it was further confirmed that 
PCBP1 could increase the expression of GDNF, BNDF and HSP70, and the en-
hanced expression was consistent with the proliferation of neurons and glial 
cells. The results suggest that, to some extent, PCBP1 can provide a good living 
microenvironment for nerve cells and glial cells and plays a crucial role in the 
occurrence and development of neurological diseases. 

2. Materials and Methods 

Cell culture 
The human neuroblastoma cell line (SH-SY5Y) was cultured in RMPI-1640 

medium (Thermo Fisher, Milan, Italy), the microglial cell line (BV-2) was cul-
tured in DMEM/F-12 medium (Thermo Fisher), and the human astrocyte cell 
line (HA) was cultured in astrocyte medium (ScienCell, San Diego, California, 
USA). All media were supplemented with 10% fetal bovine serum (Thermo 
Fisher) and 1% penicillin-streptomycin antibiotics (Thermo Fisher). Cells were 
cultured at 37˚C with 5% CO2 in an incubator. 

Transfection of plasmids 
SH-SY5Y, BV-2 and HA cells were seeded in six-well plates and cultured 

overnight prior to transfection. Plasmid transfections were conducted by either 
mixing cell culture and plasmid or Opti-MEM (Thermo Fisher) and Lipofecta-
mine® 2000 Reagent (Thermo Fisher) at room temperature and incubating for 5 
min. Then, the plasmid solution and the transfection reagent were mixed and 
incubated for an additional 20 min before being added to cells. The medium was 
changed 8 h posttransfection. The overexpression efficiency of PCBP1 was de-
termined by Western blotting and real-time PCR. 

The direct and indirect action models of PCBP1 
For the direct action model (Figure 1(A)), control plasmid pEGFP/N1 and 

recombinant plasmid pEGFP/N1-PCBP1 were transfected into SH-SY5Y, BV-2 
and HA cells, according to the above method. The cell supernatant was returned 
48 h after transfection and was stored in −80˚C. 

For the indirect model (Figure 1(B)), SH-SY5Y, BV-2 and HA cells were 
seeded in a cell culture plate. After cells were cultured for 24 h, the cell culture 
media was removed, and HA, BV-2 and SH-SY5Y cells were continually incu-
bated for 48 h in complete media containing the supernatant of cells transfected 
with pEGFP/N1-PCBP1 and pEGFP/N1 and fresh complete media (1:2 ratio). 
The indirect action model was carried out in two different ways: 1) for the effects 
of neurons on glial cells (represented as SH-SY5Y--BV-2 and SH--SY5Y-HA), 
the culture media of SH-SY5Y transfected with pEGFP/N1-PCBP1 and pEGFP/N1 
was added into the media of BV-2 and HA cells for 48 h or 2) for the effect of 
glial cells on neurons (represented as BV-2-SH-SY5Y and HA--SH-SY5Y), the  
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Figure 1. Graphical schematic of the experimental setup. (A) The direct action model: 
HA, BV-2 and SH-SY5Y cells were seeded in cell culture plates and transfected with 
pEGFP/N1 and pEGFP/N1-PCBP1 for 48 h. (B) The indirect model: SH-SY5Y, BV-2 and 
HA cells were seeded in cell culture plates and incubated for 48 h in complete media con-
taining the pEGFP/N1-PCBP1 and pEGFP/N1 supernatants and fresh complete media at 
a 1:2 ratio. The effects of glial cells on neurons were represented as HA--SH-SY5Y (a) and 
BV-2--SH-SY5Y (b); the effects of neurons on glial cells were represented as SH-SY5Y--HA 
(c) and SH-SY5Y--BV-2 (d). 
 
culture media of BV-2 and HA cells transfected with pEGFP/N1-PCBP1 and 
pEGFP/N1 was added into the media of SH-SY5Y cells for 48 h. Supernatants 
were collected for ELISA analysis and the samples in the direct and indirect 
models were prepared for CCK-8, cell count, real-time PCR, flow cytometry, 
Western-blotting and confocal laser scanning microscopy (CLSM).  

Cell proliferation assay 
A total of 5 × 103 SH-SY5Y, BV-2 or HA cells were seeded in 96-well plates 

with transfection or cell supernatant stimulation. After time-course incubations, 
the culture medium in each well was removed and washed three times with 
phosphate buffer saline (PBS). Then, 10 μL CCK-8 solution (Sangon Biotech, 
Shanghai, China) was added and incubated for 2.5 h at 37˚C. The absorbance 
was detected at 450 nm using a microplate reader (Thermo Fisher). 

Apoptosis analysis 
An AnnexinV-PE Apoptosis Detection Kit (Beyotime, Beijing, China) and an 

Annexin V-FITC Apoptosis Detection Kit (Sangon Biotech) were used to stain 
apoptotic cells. SH-SY5Y, HA and BV-2 cells were seeded in 6-well plates at 1 × 
105 cells/well with transfection or cell supernatant stimulation and were conti-
nuously cultured for 48 h. Then, the cells in each well were collected by 0.25% 
EDTA-free trypsin and resuspended in 200 μL Binding Buffer containing 10 μL 
Annexin V-PE or Annexin V-FITC. Following incubation at room temperature 
for 10 min in the dark, 5 μL PI was added, and the samples were immediately 
analyzed by flow cytometry (Becton Dickinson FACS Calibur, Franklin lake, 
New Jersey, USA). 

Enzyme-linked Immunosorbent Assay (ELISA) 
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ELISA kits for mouse IL-6, mouse IL-10, human IL-10 and human IL-6 were 
purchased from multiscience (Hangzhou, China). First, 100 μL 2-fold diluted 
standard and 100 μL samples with appropriate dilutionswere added to the coated 
plate. Secondly, 50 μL diluted primary antibody was added to each well and in-
cubated for 1.5 h at 25˚C followed by washing 6 times and addition of 100 uL 
antibody conjugated with streptavidin-horseradish peroxidase. After the sample 
was incubated for 30 min at 25˚C, 100 uL substrate solution was added to each 
well and the plate was measured at 450 nm. 

Confocal laser scanning microscopy (CLSM) 
SH-SY5Y, BV-2, and HA cells were dropped on sterile cell slides in a 6-well 

cell plate. After the cells were stably expressing pEGFP/N1-PCBP1 and pEGFP/N1 
or were stimulated with cell supernatant for 48 h, the supernatant was removed, 
fixed with 4% paraformaldehyde for 15 min at room temperature, and then the 
excess fixative was washed off with 1 × PBS; then, 0.2% Triton X-100/1 × PBS 
was added and incubated at 37˚C for 15 min. Slides were washed with 1 × PBS 
and 0.1% Triton X-100/1 × PBS twice for 5 min each time and blocked in 10% 
FBS/1 × PBS at room temperature for 45 min; coverslips were incubated with 
primary antibodies ( (anti-HSP70 mouse (1:50; Santa Cruz Biotechnology, Dal-
las, USA, # sc-373867), anti-BDNF mouse (1:50; Santa Cruz # sc-65514), an-
ti-NF-κB p65 mouse (1:50; Santa Cruz # sc-8008), anti-GDNF mouse (1:50; San-
ta Cruz # sc-13147)) at 4˚C overnight. The next day, Alexa Fluor 594-conjugated 
goat anti-mouse IgG (H + L) (ZSGB-BIO, Beijing, China, #ZF-0513) or Alexa 
Fluor 48 -conjugated goat anti-mouse IgG (H + L) (ZSGB-BIO #ZF-05127) dis-
solved in 10%FBS at a 1:50 dilution was dropped onto each coverslip and incu-
bated for 1 h. Finally, nuclei were counterstained with a solution of Hoechst 
33,258 (Beyotime #C1017) for 10 min at room temperature, and then, coverslips 
were sealed. 

Quantitative real-time PCR analysis 
Total RNA was extracted using TRIzol Reagent (Thermo Fisher) according to 

the manufacturer’s protocol. One microgram of RNA was reverse transcribed for 
cDNA synthesis. Real-time quantification was carried out in triplicate with 
Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA) 
on a StepOnePlus Real-Time PCR System (Thermo Fisher). The cycle rection 
was carried out according to the manufacturer’s instructions. The following 
primers were used: GAPDH-F: 5’-ATCAGCAATGCCTCCTGCAC-3’; GAPDH-R: 
5’-TGGTCATGAGTCCTTCC ACG-3’; PCBP1-F:  
5’-TTCTAGAATTCATGGATGCCGGTGTGACTGAAAGTG-3’; PCBP1-R:  
5’-TTCTAGAATTCAACCTACACTGTTCTAGCTGCACC-3’. The results were 
analyzed according to the 2(−ΔΔCt) method. Three independent experiments were 
carried out for each assay condition. 

Western blot analysis 
Protein extracts were made using RIPA buffer, and soluble proteins were se-

parated by SDS-PAGE and blotting onto a PVDF membrane (Millipore, Milan, 
Italy). Membranes were blocked using 5% milk powder (in 1 × T-TBS buffer), 
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followed by incubation with primary antibodies: (anti-HSP70 mouse (1:100; 
Santa Cruz #sc-373867), anti-BDNF mouse (1:100; Santa Cruz #sc-65514), an-
ti-NF-κB p65 mouse (1:100; Santa Cruz #sc-8008), anti-GDNF mouse (1:100; 
Santa Cruz #sc-13147), anti-hnRNP E1 mouse (1:100; Santa Cruz #sc-137249), 
anti-GAPDH rabbit (1:100; Cell Signaling Technology, Danvers, MA, USA, 
#5174) overnight at 4˚C. After washing 3 times with 1 × T-TBS buffer, secondary 
antibodies were applied for 1 h at room temperature. Finally, protein signals 
were detected by Super Signal West Pico Chemiluminescent Substrate (Thermo 
Fisher) and observed in a dark room. GAPDH served as a loading control, and 
the data were presented as a relative fold change using NIH Image J analysis 
software. 

Statistical analysis 
Data are presented as the mean of at least three experiments ± standard devia-

tion (SD). The results are recorded using Graphpad Prism 5 software (Graph 
Pad, San Diego, CA, USA). All statistical tests were performed using SPSS 20.0. 
Two-tailed t-tests or ANOVA analyses were used to estimate p values. p < 0.05 
showed statistically significant differences. 

3. Results 

PCBP1 directly promotes the growth of SH-SY5Y, BV-2 and HA cells 
without any indirect effect on the growth of the cells. 

To explore the direct and indirect effects of PCBP1 on the growth of 
SH-SY5Y, BV-2 and HA cells, recombinant plasmid pEGFP/N1-PCBP1 and 
control plasmid pEGFP/N1 were transfected into SH-SY5Y, BV-2 and HA cells 
using liposome-mediated transient transfection. After transfection for 48 h, 
real-time qPCR and western blot revealed that the expression levels of PCBP1 in 
SH-SY5Y, BV-2 and HA cells were significantly increased by pEGFP/N1-PCBP1 
when compared to pEGFP/N1 (Figure 2). 
 

 

Figure 2. In the direct action model, Real-time qPCR and western-blot analyzed the 
SH-SY5Y, HA and BV-2 cells transfected with PCBP1. (A) Real-time qPCR and (B) west-
ern-blot revealed the different expression levels of PCBP1 in SH-SY5Y, HA and BV-2 
cells transfected with pEGFP/N1 and pEGFP/N1-PCBP1. * Statistically significant differ-
ences (p < 0.05) between pEGFP/N1 and pEGFP/N1-PCBP1.The bars express as mean ± 
S.D., n = 3. 
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Proliferation of SH-SY5Y, BV-2 and HA cells through the regulation of 
PCBP1 was detected by CCK-8 and cell counting. First, a cell counting assay 
demonstrated that the number of SH-SY5Y and HA cells was obviously higher 
with pEGFP/N1-PCBP1 than in the control group from 1 - 8 days after transfec-
tion with pEGFP/N1-PCBP1 and pEGFP/N1 (Figure 3(A1) and Figure 3 (B1)). 
At 1 - 5 days after transfection, BV-2 cells transfected with pEGFP/N1-PCBP1 
showed accelerated growth compared with the control group. However, at 6 - 8 
days after transfection, there was no significant difference in the number of 
BV-2 cells between the two groups (Figure 3(C1)). We conducted a cell prolife-
ration assays from 12 to 72 h after transfection of pEGFP/N1-PCBP1 and 
pEGFP/N1. The growth of SH-SY5Y, HA and BV-2 cells was obviously en-
hanced by pEGFP/N1-PCBP1 compared to pEGFP/N1 (Figure 3(A2) and Fig-
ure 3(C2)). 

We further observed whether PCBP1 had an indirect effect on the prolifera-
tion of SH-SY5Y, BV-2 and HA cells by a cell counting and CCK-8 assay. The  
 

 

Figure 3. In the direct action model, PCBP1 promotes the growth of SH-SY5Y, BV-2 and 
HA cells.CCK-8 was performed to study the cell vitality of SH-SY5Y, HA and BV-2. 
((A1)-(C1)) Cell counting revealed the growth curve of the SH-SY5Y (A1), HA (B1) and 
BV-2 (C1) cells transfected with pEGFP/N1 and pEGFP/PCBP1 for 8 days. ((A2)-(C2)) 
CCK-8 revealed the growth of SH-SY5Y (A2), HA (B2) and BV-2 (C2) cells transfected 
with pEGFP/N1 and pEGFP/PCBP1 for 72 h. * Statistically significant differences (p < 
0.05) between pEGFP/N1 and pEGFP/PCBP1. The bars express as mean ± S.D., n = 3. 
Analysis was performed using Two-way ANOVA. 
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growth of SH-SY5Y, BV-2 and HA cells was not significantly different (p > 0.05) 
when comparing the cell supernatant containing the control plasmid to recom-
binant plasmid pEGFP/N1-PCBP1. According to the above data, PCBP1 has a 
direct stimulating effect on cell proliferation, whereas the production of PCBP1 
overexpression has no significant effect on the growth of SH-SY5Y, BV-2 and 
HA cells.  

PCBP1 has a direct inhibitory effect on the early apoptosis of SH-SY5Y, 
BV-2 and HA cells without significant indirect effects. 

We next determined the role of PCBP1 in the early apoptosis of SH-SY5Y, 
BV-2 and HA cells. In the direct model, SH-SY5Y, BV-2 and HA cells trans-
fected with pEGFP/N1-PCBP1 and pEGFP/N1 were further cultured for 48 h, 
and apoptosis was detected by staining with Annexin V-PE/7-AAD. Compared 
with that of the control group, the early apoptosis rate of, HA and BV-2 cells 
transfected with pEGFP/N1-PCBP1 was significantly decreased, and the values 
were 55.390% ± 3.291% VS 45.017% ± 1.026% (SH-SY5Y), 18, 583% ± 2.718% 
VS 9, 260% ± 1.794% (HA) and 18.550% ± 2.014% VS 8.720% ± 1.197% (BV-2) 
respectively (Figure 4). 

In addition, we examined the indirect effects of PCBP1 on the early apoptosis 
of SH-SY5Y, BV-2 and HA cells by Annexin V-FITC/PI double staining. The 
supernatant of SH-SY5Y cell culture overexpressing PCBP1 did not have a sta-
tistically significant effect on the early apoptosis rate of BV-2 and HA cells com-
pared to the control group. Similarly, the BV-2 and HA cell culture supernatants 
overexpressing PCBP1 did not have a statistically significant effect on the early 
apoptosis rate of SH-SY5Y cells. Taken together, PCBP1 only has direct an-
ti-apoptotic effects on SH-SY5Y, HA and BV-2 cells, while PCBP1 cannot inhibit 
cell apoptosis by indirect action.  

PCBP1 can play both direct and indirect roles in inhibiting IL-6 secretion 
and promoting the secretion of the anti-inflammatory factor IL-10. 

Because neuron and glial cells can produce cytokines, we examined each of 
the inflammatory cytokines in the direct and indirect action models of PCBP1 
and determined the gene expression of IL-6 and IL-10. In the direct action mod-
el, an ELISA assay indicated that there was a lesser degree of IL-6 in BV-2, HA 
and SH-SY5Y cells transfected with pEGFP/N1-PCBP1 compared with the con-
trol group, and the values were 161 ± 6.658 VS 784.055 ± 12.386 (BV-2), 780.223 
± 5.608 VS 961.563 ± 0.778 (HA) and 644.675 ± 39.671 VS 779.024 ± 2.458 
(SH-SY5Y) respectively (Figure 5(A)). The gene expression of IL-10 in the BV-2 
cells transfected with pEGFP/N1-PCBP1 (395.672 ± 4.884) was a drastic increase 
compared with the control group (318.954 ± 15.537) (Figure 5(D)). In addition, 
the gene expression of IL-10 was not statistically significant in HA and SH-SY5Y 
with pEGFP/N1-PCBP1 and pEGFP/N1 (Figure 5(E)). 

Our second model of indirect action involved culturing HA, BV-2 and 
SH-SY5Y cells for 48 h after the addition of the supernatant from cells trans-
fected with pEGFP/N1-PCBP1 and pEGFP/N1 and fresh culture media. The  
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Figure 4. Flow cytometry analysis of SH-SY5Y, BV-2 and HA cells transfected with 
PCBP1 for 48 h. (A1-A3) Annexin V-PE and 7-AAD staining and flow cytometry were 
used to assay the percentages of early apoptosis in the SH-SY5Y cells transfected with 
pEGFP/N1 and pEGFP/PCBP1. (B1-B3) Annexin V-PE and 7-AAD staining and flow 
cytometry were used to assay the percentages of early apoptosis in the HA cells trans-
fected with pEGFP/N1 and pEGFP/PCBP1. (C1-C3) Annexin V-PE and 7-AAD staining 
and flow cytometry were used to assay the percentages of early apoptosis in the BV-2 cells 
transfected with pEGFP/N1 and pEGFP/PCBP1. * Statistically significant differences (p < 
0.05) between pEGFP/N1 and pEGFP/PCBP1 in the SH-SY5Y (A), HA (B) and BV-2 (C) 
cells. The bars express as mean ± S.D., n = 3. (Q1-LR, the percentages of early apoptosis). 
 
indirect action of PCBP1 generated a decline in the gene expression of IL-6 in 
HA and BV-2 and cells, and and the values were 453.209 ± 10.210 VS 599.747 ± 
9.089 (SH-SY5Y--HA), 815.000 ± 29.614 VS 1217.667 ± 60.451 (SH-SY5Y--BV-2), 
755.685 ± 13.497 VS 802.958 ± 4.194 (HA--SH-SY5Y) and 653.075 ± 10.302 VS 
776.481 ± 11.587 (BV-2--SH-SY5Y) respectively in the pEGFP/N1-PCBP1-transfected 
group compared to the control group (Figure 5(B)). There was a notable en-
hancement in IL-10 levels in BV-2 cells (306.354 ± 17.352) compared to that of 
the control group (356.714 ± 24.017), while the levels of IL-10 in HA and 
SH-SY5Y cells were not significantly different. (Figure 5(C) and Figure 5(D)). 
Our results indicate that PCBP1 in the direct and indirect action models reduced 
the levels of inflammatory cytokine IL-6 in HA, BV-2 and SH-SY5Y cells and 
increased the anti-inflammatory cytokine IL-10 in BV-2 cells, whereas there was 
no significant effect on IL-10 in HA and SH-SY5Y cells. 
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Figure 5. PCBP1 can play both direct and indirect roles in inhibiting IL-6 secretion and 
promoting the secretion of the anti-inflammatory factor IL-10. (A) Quantification of IL-6 
using ELISA showed the decline of IL-6 in the SH-SY5Y, HA and BV-2 cells transfected 
with pEGFP/N1 and pEGFP/PCBP1. Statistically significant differences (*p < 0.05, **p < 
0.01, ***p < 0.001) between pEGFP/N1 and pEGFP/PCBP1 in the SH-SY5Y, HA and 
BV-2 cells. (B) Quantification of IL-6 using ELISA showed the decline in IL-6 in the indi-
rect action model. Statistically significant differences (*p < 0.05, **p < 0.01) between 
pEGFP/N1 and pEGFP/PCBP1 in the SH-SY5Y, HA and BV-2 cells. (D) Quantification 
of IL-10 using ELISA showed the increased levels of IL-10 in the BV-2 cells and the indi-
rect action of SH-SY5Y--BV-2. * Statistically significant differences (p < 0.05) between 
pEGFP/N1 and pEGFP/PCBP1 in the BV-2 and SH-SY5Y--BV-2 cells. ((C), (E)) Quanti-
fication of IL-10 using ELISA showed no significant differences compared to control in 
the SH-SY5Y, HA cells (C) and the indirect action of SH-SY5Y--HA, BV-2--SH-SY5Y 
and HA--SH-SY5Y (E). The bars express as mean ± S.D., n = 3. 
 

PCBP1 enhances HSP70, BDNF and GDNF expression and inhibits NF-κB 
signaling pathway activation by direct and indirect effects. 

First, we examined whether PCBP1 overexpression could regulate the expres-
sion of numerous genes in HA, BV-2, and SH-SY5Y cells, including NF-κB, 
HSP70, BDNF, and GDNF. pEGFP/N1-PCBP1 and pEGFP/N1 were transfected 
into HA, BV-2 and SH-SY5Y cells for 48 h. Confocal laser scanning microscopy 
(CLSM) revealed that the fluorescence intensity (red color due to Alexa Fluor 
594 fluorophore) of HSP70 in SH-SY5Y, HA and BV-2 cells was significantly in-
creased in the pEGFP/N1-PCBP1-transfected group compared to the control 
group. In contrast, the fluorescence intensity of NF-κB was relatively decreased 
in SH-SY5Y, HA and BV-2 and cells transfected with pEGFP/N1-PCBP1 com-
pared to the control group (Figures 6(A)-(C)). The analysis of CLSM images 
revealed that the BV-2 and HA cells transfected with pEGFP/N1-PCBP1 exhi-
bited higher expression of the GDNF gene than the pEGFP/N1 control. In the 
SH-SY5Y cells, the fluorescence intensity of BDNF was obviously enhanced by 
pEGFP/N1-PCBP1 when compared with the control group (Figures 6(A)-(C)).  
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Figure 6. PCBP1 enhances HSP70, BDNF and GDNF expression and inhibits NF-κB sig-
naling pathway activation by direct effects. In the confocal images, the top- and mid-
dle-rows show the transfection of pEGFP/N1 and pEGFP/N1-PCBP1, stained green, was 
observed at 488 nm, and the fluorescence of HSP70, BDNF, GDNF and NF-κB, stained 
red, was observed at 594 nm. In the bottom row, the images of the top and middle rows 
have been merged to obtain a composite. ((A)-(C)) Confocal images of SH-SY5Y (A), HA 
(B) and BV-2 (C) cells showed the transfection of pEGFP/N1 and pEGFP/PCBP1 (green), 
the increased fluorescence of HSP70, BDNF and GDNF (red), and the decreased fluores-
cence of NF-κB (red). ((D)-(F)) Western blot analysis showed increased levels of PCBP1, 
HSP70, BDNF and GDNF and decreased levels of NF-κB in SH-SY5Y ((D1) and (D2)), 
HA ((E1) and (E2)) and BV-2 ((F1) and (F2)) cells transfected with pEGFP/N1 and 
pEGFP/N1-PCBP1. * Statistically significant differences (p < 0.05) between pEGFP/N1 
and pEGFP/N1-PCBP1. GAPDH was probed as a protein loading control for all experi-
ments. The bars express as mean ± S.D., n = 3. 
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Simultaneously, we conducted Western blots to demonstrate that the proteins of 
HSP70, BDNF, and GDNF were significantly increased by pEGFP/N1-PCBP1, 
but the protein of NF-κB was downregulated by pEGFP/N1-PCBP1, as shown in 
(Figures 6(D)-(F)). 

We further identified that the indirect action of PCBP1 has a biological effect 
on the proteins of NF-κB, HSP70, BDNF, and GDNF. Western blots and CLSM 
(green color due to Alexa Fluor 488 fluorophore) demonstrated that the super-
natant from SH-SY5Y cell culture overexpressing PCBP1 significantly increased 
the expression level of HSP70 and repressed the expression level of NF-κB, while 
there was no statistically significant change in GDNF in BV-2 and HA cells 
(Figure 7). The supernatants from BV-2 and HA cell cultures overexpressing 
PCBP1 also significantly increased the expression level of HSP70 and repressed 
the expression level of NF-κB, whereas there was no statistically significant effect 
on the expression of BDNF in the SH-SY5Y cells (Figure 7). Therefore, PCBP1 
upregulates the expression level of HSP70 and inhibits the level of NF-κB in di-
rect and indirect action models, whereas PCBP1 only upregulates the expression 
of GDNF and BDNF in direct action rather than in the indirect action model.  

4. Discussion 

PCBP1 has recently been shown to play a crucial role in the regulation of the 
mRNA of cancer metastasis, iron storage and virus replication [25] [26] [27] 
[28]. Due to the strong potential of PCBP1 to regulate many mRNAs, it is not 
surprising that PCBP1 also alters transcripts and translatants important for 
well-known neuropathy genes and neuronal processes. Increasing numbers of 
studies have revealed some neurous functions of PCBP1, including neuronal 
myelin formation and neuron cell apoptosis [29] [30]. These findings highlight 
the clinical significance of PCBP1 in neurous disease. Thus, investigating alter-
native PCBP1 function in neurons and glial cells would be helpful for neurous 
disease gene therapy. The direct and indirect regulation models of PCBP1 pro-
vide a rationale in assessing whether PCBP1 or productions of PCBP1 overex-
pression can display a neuroprotective effect. 

Here, we capture PCBP1 overexpression by lipofectin transfection. Our results 
indicate that PCBP1 was overexpressed in SH-SY5Y, HA and BV-2 cells by 
western blot and real-time qPCR. In the present study, we demonstrate that 
PCBP1 overexpression stimulates the growth of SH-SY5Y, HA and BV-2 cells 
through direct actions, whereas the production of PCBP1 has no vital effect on 
the proliferation of SH-SY5Y, HA and BV-2 cells. Because we observe prolifera-
tion during the direct action with the neuronal cells, we conclude that PCBP1 
needs to be expressed in the cells to have a positive effect. Apoptosis is a biolog-
ical activity related to cell growth. However, by conducting an apoptosis assay, 
we also revealed that PCBP1 inhibits the early apoptosis of SH-SY5Y, HA and 
BV-2 cells in the direct action model, contrastingly having less effect on apopto-
sis in the indirect model. The influence of PCBP1 on apoptosis remains a con-
tentious and controversial issue. For example, the PCBP1 KH1 domain binds to  
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Figure 7. PCBP1 enhances the expression of HSP70, BDNF and GDNF and inhibits 
NF-κB signaling pathway activation by indirect effects. In the confocal images, the top 
row shows the fluorescence of HSP70, BDNF, GDNF and NF-κB, stained green, observed 
at 488 nm. In the bottom row, the images of the top panel and nuclei that were stained 
blue (Hoechst 33,258) were merged to obtain a composite. ((A)-(D)) Confocal images 
show the increased fluorescence of HSP70 (green) and the decreased fluorescence of 
NF-κB (green), whereas there is no statistically significant change of GDNF and BDNF 
(green) in the indirect action model. (E-H) Western blot showed increased levels of 
HSP70 and a decline of NF-κB in SH-SY5Y--HA ((E1) and (E2)), SH-SY5Y--BV-2 ((F1) 
and (F2)), HA--SH-SY5Y ((G1) and (G2)), and BV-2--SH-SY5Y ((H1) and (H2)) cells 
with indirect action. * Statistically significant differences (p < 0.05) between pEGFP/N1 
and pEGFP/N1-PCBP1. GAPDH was probed as a protein loading control for all experi-
ments. The bars express as mean ± S.D., n = 3. 
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P27 mRNA, leading to upregulated P27 levels and blockage of the S cell cycle, 
which promotes apoptosis [31]. In contrast, Waggoner et al. found that PCBP1 
is significant in cell cycle progression: if PCBP1 genes are knocked out from 
K562 cells, cell proliferation is limited, and the cell cycle is blocked in the G1 cell 
cycle [8]. In addition, the mRNA levels of DFFB and MCL1, which are related to 
apoptosis, as well as BRBL1 and ABL1, which are related to the cell cycle, are in-
creased by the overexpression of PCBP1 [32]. This increase indicates that PCBP1 
has two-sided effects on apoptosis. 

Aside from proliferation and anti-apoptosis, PCBP1 also contains other func-
tions, such as trophic factor secretion and anti-inflammation, which could con-
tribute to the observed protection in neuronal cells. Glial cell line-derived neu-
rotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) are 
neurotrophic factors that are involved in regulating neurite outgrowth, neuronal 
survival and synaptic activity [33] [34]. Kang et al. illuminated that NF-κB plays 
an important role in the n lipopolysaccharide (LPS)-induced activation of cyc-
looxygenase-2 (COX-2) in BV-2 cells [35]. Considering that the direct regulation 
of PCBP1 overexpression resulted in increased levels of mRNA expression of 
GDNF, BDNF and HSP70, as well as downregulated expression of NF-κB, we 
indicated how significant the expression of PCBP1 is for a healthy central nerv-
ous system. Our indirect action model indicated an increase in the expression of 
HSP70 and a decrease in the expression of NF-κB, while there was no obvious 
effect on the expression of GDNF and BDNF. It is further demonstrated that 
PCBP1 products may be the key to protecting the nervous system microenvi-
ronment. In line with this possibility, our previous study showed that the protein 
levels of HSPA6 and HSPA1A, which are members of the heat shock protein 70 
(HSP70) family, were upregulated in PCBP1-overexpressing SH-SY5Y cells [32]. 
The synaptic deficits of the hippocampus in the HD mouse model were rescued 
by enhanced BDNF levels [36] [37]. GDNF exhibited significant antioxidant 
properties, which reduced cell death [38]. 

IL-10 is an immunoregulatory cytokine with various effects on the downregu-
lation of chemokines, pro-inflammatory cytokines and costimulatory molecules 
[39] [40]. Our results unveiled that PCBP1 overexpression stimulated an in-
crease in IL-10 expression and downregulation of IL-6 by direct and indirect ac-
tions in BV-2 cells compared to the control group. However, we demonstrated 
that the mRNA level of IL-6 was overexpressed, whereas IL-10 expression was 
not statistically significant through the direct and indirect regulation of PCBP1 
in SH-SY5Y and HA cells. In accordance with our observation, PCBP1 binding 
with STAT3C was involved in STAT3-IL-10-mediated suppression of IL-6 pro-
duction and NF-κB activation [21]. Meanwhile, the upregulation of the domi-
nant-negative form of STAT3 enhanced the expression of IL-10 to inhibit 
LPS-induced IL-6 and TNF-α production [41] [42]. Yi-Chin Lin et al. reported 
that IL-10 acted as a neuroprotective effect on inhibiting LPS-induced microglial 
activation [43]. Therefore, PCBP1 suppresses the production of proinflammato-
ry IL-6 by stimulating anti-inflammatory IL-10, which may be a partial signaling 
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pathway for the observed neuroprotective effect of PCBP1. In summary, signifi-
cant evidence from this manuscript reveals that PCBP1 is involved in the neuro-
protective mechanism from direct and indirect regulation. 

5. Conclusion 

In conclusion, we report that the overexpression of PCBP1 and the substances 
secreted of PCBP1 overexpression in the cell regulate neuroblastoma cells and 
glial cells. In the study, empolying the direct and indirect model, it has been 
demonstrated that PCBP1 is involved in the neuroprotective mechanism, in-
cluding proliferation, anti-apoptosis, anti-inflammation and the expression of 
functional proteins. Intriguingly, from a gene therapeutic point, Neurons and 
glial cells expressing PCBP1 might be more effective for nervous system damage, 
providing a novel and valid therapeutic opportunities for the study of neurolog-
ical diseases through the overexpression of PCBP1. 
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