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Background: Cold inducible RNA-binding protein (CIRP) is an important danger-associated molecular pattern involved in tissue-
specific and systemic inflammation related to inflammation and Alzheimer’s disease (AD). However, the precise roles and mechanism
of CIRP in the functional changes in astrocytes during the development of AD are still unknown. This study aimed to assess gene
expression alterations in astrocytes after they overexpress CIRP (oe-CIRP) and to explore the relationship between abnormal CIRP
expression and AD.

Methods: We created astrocyte cell lines with a CIRP or control vector expression using three human glioma cell lines U87, U251
and H4, and analyzed the mRNA expression profiles of 3 pairs of cells via microarray. Bioinformatics identified differentially
expressed mRNAs between CIRP-overexpressing (ov-CIRP) and control groups, validated by q-PCR and Western blotting (WB).
Finally, the effect of CIRP overexpression in astrocytes on neurons was observed in a coculture system.

Results: We identified 119 mRNAs with obvious fold changes between the ov-CIRP and control groups for all 3 pairs of human
glioma cell lines. The biological functional analysis indicated that urokinase plasminogen activator (uPA), a gene whose expression
significantly decreased after CIRP overexpression, was closely associated with AD. WB and q-PCR confirmed that CIRP over-
expression significantly inhibited uPA at both mRNA and protein levels in U87, U251 and H4 cells. Moreover, compared with those
cocultured with control astrocytes, SH-SYS5Y cells cocultured with CIRP-overexpressing astrocytes exhibited a significant increase in
the expression of amyloid-f3 (AB)1-42 and the hyperphosphorylated microtubule-associated protein tau (Tau).

Conclusion: CIRP overexpression in astrocytes inhibits uPA expression, promoting A1-42 production and tau phosphorylation in
neurons, thereby increasing AD risk. These results suggest that the overexpression of CIRP in astrocytes contributes to the
development of AD.
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Background

AD is one of the most common diseases of neurodegenerative dementia which acts as the sixth leading cause of death in
the US.! In recent years, a large number of new candidate drugs on AD have failed in clinical trials, which led to the
pessimistic prospects for AD drug development. Neuronal injury and degeneration is the major feature of AD, which is
specifically manifested as synaptic damage in the hippocampus and the defect of learning and memory in neocortex
regions.” Thus, deep exploring of the pathophysiology of synaptic damage during the development of AD is important to
discover new therapeutic methods to protect the synapses from irreversible neuron degeneration.
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As one of the most common cell types in the brain, astrocytes are vital to sustain neuron health, they not only supply
structural support to neurons but also maintain the balance of brain micro-environments. The interactions between
astrocytes and neurons are crucial for the survival and function of dopaminergic neurons. Previous studies proved that the
dysfunction of astrocytes was able to cause the degenerative alteration of dopaminergic neurons.** For example, Cheng
et al reported that astrocytes which derived from induced pluripotent stem cells could alleviate dopaminergic neurode-
generation in vitro.” Kuter et al proved that astrocytes played a crucial role in early degeneration of nigrostriatal
neurons.® However, the mechanism by which astrocytes affect synaptic function during neurodegeneration is still unclear.

Cold-inducible RNA-binding protein (CIRP) comprise an amino-terminal consensus sequence RNA binding domain
and a carboxyl-terminal glycine-rich domain.” Current researches have shown that CIRP is not only involved in the
regulation of cellular stress responses such as UV irradiation, hypoxia and hypothermia, but also regarded as a damage
associated molecular pattern (DAMP) which could bind to the TLR4 and promote inflammation by activating nuclear
transcription factor nuclear factor-kB.* Moreover, several studies reported CIRP was capable of regulating the neuronal
dysfunction via the IL-6Ra/STAT3/Cdk5 pathway and promoting the neuronal calpain activity, which was closely
associated with pathological change of neurons from AD patients.'®!'" Of note, a recent study reported CIRP may be
a potential target of alcohol-induced AD, because alcohol-induced CIRP from microglial contributed to the development
of AD.'? So, it is interesting to find whether abnormal expression of CIRP in astrocytes was a risk factor for AD.

In this article, we aimed to explore the effects of CIRP over-expression on the expression profiles of mRNAs in
human astrocytes and identify whether and how CIRP regulate the AD-associated genes in astrocytes. The results from
micro-array revealed there were close correlations between CIRP over-expression and AD in 3 different human glioma
astrocyte cell lines. In addition, it revealed for the first time that over-expression of CIRP could inhibit the expression of
uPA, the favorable factors of AD, in astrocytes. Furthermore, astrocytes-neuron co-culture experiments in vitro eluci-
dated that over-expression of CIRP in astrocytes promoted expression of BACE, AB1-42 and phosphorylated tau protein
(p-Tau) in neuron cells. These findings supplied a potential new mechanism of CIRP in pathologies of AD and confirmed
eCIRP as a promising therapeutic target for the neural degenerative disease.

Materials and Methods

Cell Culture

Human glioma cell lines including U87, U251, H4 and human neuroblastoma SH-SYSY cells were brought from
Shanghai GeneChem Co. Ltd (Shanghai, China). The cells were cultured in 6-well plates in DMEM or RPMI-1640
medium (Thermo Fisher Scientific) containing 10% fetal bovine serum and 1% penicillin/streptomycin (Thermo Fisher
Scientific), at 37°C and 5% CO,.

Establishment of Human Glioma Cell Lines CIRP Which Stably Over-Expressed CIRP

CIRP lentiviral particles which contain the green fluorescent protein (GFP) and full length of CIRP gene (over-expressed
CIRP group) and control lentiviral particles (control group) were purchased from Shanghai Genechem Co., Ltd.
Transfection was carried out according to the instructions from the producer. Briefly, the cells were cultured with
lentiviral particles and polybrene (5ug/mL) in medium for 12 h. Then the medium containing lentiviral particles was
removed, the cells were washed and added with complete medium. The GFP gene expression was observed by
fluorescence microscopy at 3 days after transfection.

A Co-Culture System

SH-SYS5Y cells were cultured with complete medium containing 10 pM retinoic acid (Sigma-Aldrich) for 7 days to be
differentiated into neurons, as previously reported.'® Then a co-culture system was established by plating SH-SY5Y cells
and astrocytes in a Trans-well system (0.4 pm pore size, Corning, NY, USA). The oe-CIRP or control human astrocytes
were cultured onto the lower chamber (LC) of the trans-well system after LPS treatment, and the neurons were cultured
onto the upper chamber (UC). After 24 h, the culture medium with or without uPA (20 ng/mL) was added to the upper
and lower chambers. After they were co-cultured for 48 h, the cells were collected for the gene and protein tests.

144 htps: Degenerative Neurological and Neuromuscular Disease 2024:14



Li et al

Profiling of mRNA Expression

Core ® IncRNA + mRNA expression profile microarray was used to profile the expression of mRNA, which was performed
by capitalbio Bio-tech (Beijing, China). Briefly, RNA samples from cells in different groups were purified, amplified and
transcribed into fluorescent cRNAs. Next, cRNA was hybridized to the microarray. The gene expression profiles of human
species were detected using Boao core LncRNA + mRNA Human Gene Expression Microarray V4.0,4x180K chip with
method number AG-GE-WL 10-01-2010 and data analysis method number AG-GE-DL 00-01-2010.

Screening and Mapping of Differentially Expressed Genes

After expression spectrum chip hybridization scanning, tiff-format image data were processed using Feature Extraction
lift software. Gene expression difference and statistical significance p values were calculated using GeneSpring GX
software. Briefly, the tiff plots derived from chip scan were processed with Feature Extraction software to obtain the raw
data files. Then, the raw data file was imported into GeneSpring software, written grouping and other parameter
information. Each sample was normalized and performed QC analysis, cluster analysis and graphical presentation with
Cluster3.0 software. In this study, the log fold difference based on 2, obtained by subtracting the normalized signal
values, with positive values indicating higher expression and negative values indicating lower expression. The fold
change between two groups were numerically equal to FC (abs). GeneSpring software is used for data normalization and
statistical processing of differentially expressed IncRNA/mRNA analysis. In addition to the above, the result files also
include statistical significance indicators. The p-value was calculated using the 7-test unpaired method. And the p-value
adjusted using the Benjamini Hochberg FDR method. The screening criteria for conventional differences mRNA are: FC
(abs) > 2.0-fold and p<0.05. Finally, differential comparisons were made to obtain differential genes according to the
grouping information, and the differential mRNAs were analyzed by GO pathway analysis.

Validation of Differentially Expressed Genes

Expression of screened mRNAs was validated by qRT-PCR. Briefly, trizol reagent was used to extract total RNA from
cells and cDNA was synthesized with SuperScript III reverse transcriptase. Then, the quantification of target gene
expression was carried out using SLAN Real-Time PCR System (Hongshi, Shanghai, China). GAPDH was regarded as
an internal control. Expression levels were calculated with the primer pairs for the amplification of target mRNAs as
shown in Table 1. Data were analyzed using the comparative cycle threshold method.

Western Blotting

The cells from different groups were collected, and washed with PBS. Then they were mixed with cell lysate, centrifuged
at 12,000 g in 4°C for 10 min. The supernatant of mixture was gathered for protein extraction with the Qproteome
Mammalian Protein Prep kit. The concentration of protein was examined using the BCA Protein Assay Kit. Then, the
protein was isolated by polyacrylamide gels, and transferred onto nitrocellulose membrane by iBlot. The binds were
observed by chemiluminescence using a FluorChem E system. Antibodies to AB1—42 (ab180956, Abcam), beta-secretase
(ab183612) uPA (ab32057, Abcam) and p-Tau (Ser396) (ab32057, Abcam) were used to determine the protein expres-
sion. B-Actin was regarded as the internal control.

Table |1 The Sequence of Primers

Primer Sequence (5'-3")

GAPDH-F AGGTCGGTGTGAACGGATTTG
GAPDH-R | TGTAGACCATGTAGTTGAGGTCA

CIRP-F GGACTCAGCTTCGACACCAAC
CIRP-R ATGGCGTCCTTAGCGTCATC
BACE-F ATGGTTTCTGGCTAGGAGAGC

BACE-R TTGGTAACCTCACCCATTAGGTA
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Statistical Analysis

The data were shown as the mean =+ standard error of mean (SD). Statistical analyses were performed by GraphPad Prism
9. One- or two-way analysis of variance (ANOVA) was used to analyze significant differences among the groups, and
Student’s #-test was used to assess the differences between the two groups. P values less than 0.05 were regarded as

statistically significant.

Results

Establishment of Astrocyte Cell Lines Which Over-Expressed CIRP

The cells was observed by the fluorescence microscope on the third day after they were transfected with control-GFP or
CIRP-GFP lentiviral vectors. As shown in Figure 1A, more than 80% of transfected cells expressed GFP, which implied
that the efficiency of the infection was above 80%. The results from g-PCR assay demonstrated that the mRNA levels of
CIRP were significantly promoted in ov-CIRP groups compared with those in control groups with approximately 59.66-
fold, 78.11-fold, and 38.09-fold increases in U87, U251, and H4 from oe-CIRP groups vs those from control groups,
respectively (p<0.001, Figure 1B). The results of Western blotting assay confirmed that the protein expressions of CIRP
were also greatly increased in oe-CIRP groups when compared with those in control groups for all 3 pairs of astrocytes
(all p<0.001, Figure 1C).
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Figure | Over-expression of CIRP in astrocyte cell lines.

Notes: (A) Human glioma cell lines including U87, U251 and H4 which over expressed CIRP were observed under light microscope (bar = 50 um). U87, U251 and H4 were
transfected by lentiviral particles which contain the green fluorescent protein (GFP) and full length of CIRP gene. (B) mRNA and (C) protein expression of CIRP in U87,
U251 and H4 was examined by Q-PCR and WB assay. Compared with the control group cells, the cells in control group were transfected with control lentiviral particles.
Data were expressed as the mean + SD, Statistical significance: **p<0.01.
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Identification of mRNAs with Significant Fold Changes in Astrocytes Which
Over-Expressed CIRP

We used volcano plots and heat map to determine the variation of gene expression between ov-CIRP and control human
glioma cells. In total, 119 mRNAs showed differential expression in all 3 pairs of cells. Among them, 39 mRNAs were
greatly up-regulated, and 80 mRNAs were obviously down-regulated (a threshold of >2-fold and P<0.05, Figure 2A—C).
The changed mRNAs were associated with reproductive progress, rhythmic progress, response to stimulation and so on
(Figure 2D). The KEGG and GO pathway analysis showed the up- or down-regulated mRNAs was mostly enriched in
FGF signaling pathway, activated NOTCH1 Transmits Signal to the Nucleus, interleukin receptor SHC signaling and so
on (Figure 3A). Of note, the results of significant enriched disease terms indicated that over-expression of CIRP was
involved in asthma ie, dehydroepiandrosterone, rheumatoid arthritis, autism spectrum disorder, Alzheimer’s disease and
so on (Figure 3B).

CIRP Over-Expression in Astrocytes Induced the AD-Like Changes of Neurons in

Co-Culture System
As shown in Figure 4A, SH-SYS5Y cells were cocultured with ov-CIRP or control astrocyte cell lines (U251, U87 and
H4) to examine whether CIRP over-expression in astrocytes has the effect on amyloid accumulation and hyper-
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Figure 2 Heat maps and volcano plot represent the different expression profiles of mMRNAs between control and over-expressed CIRP astrocytes.
Notes: (A) The maps represent the expression values of all nRNAs detected by microarray. (B and C) The plots showed the obviously changed mRNAs with fold change
22.0. (D) The pictures showed the Gene Ontology, frequency analysis of secondary entries.
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Figure 3 Identification of differentially expressed mRNAs between control and ov-CIRP astrocytes.
Notes: (A) The significantly changed mRNAs between control and ov-CIRP group in all three pairs of astrocyte were analyzed to identify the top 30 enrichment pathway
terms by KEGG pathway annotations. (B) The significantly changed mRNAs with top 30 enrichment scores of disease were analyzed by KEGG disease annotations.
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Figure 4 CIRP over-expression in astrocytes induced the AD-like changes of neuron.
Notes: (A) Schematic diagram represents the details of co-culture system. (B) mRNA expressions of BACE in astrocytes of different groups were measured by q-PCR assay.

B-actin was considered as the internal standard (n=3). (C) The protein expression levels of beta-secretase, AB1-42 and p-Tau (Ser396) in astrocytes of different groups were
examined by WB assay (n=3). Data were presented as the mean * SD, statistical significance: **p<0.01.

phosphorylation of neural cells. The results from q-PCR showed that the mRNA levels of BACE were greatly increased
in ov-CIRP groups compared with those in control groups with approximately 5.51-fold, 7.31-fold, and 3.41-fold
decreases in U87, U251, and H4 from ov-CIRP groups compared with those from control groups, respectively
(p<0.001, Figure 4B). The results from WB assay indicated that the expression levels of beta-secretase, Ap1-42 and
p-Tau (Ser396) were significantly increased in the SH-SYSY cells from ov-CIRP groups in comparison to these from
control groups (AB1-42: group effect F (1, 12) = 346.8; p-Tau: F (1, 12) = 524.7; beta-secretase: F (1, 12) = 158.7; all
p<0.001, Figure 4C).

uPA Was Significantly Down-Regulated After CIRP Over-Expression
To further explore the relationship between CIRP and Alzheimer’s disease, the top ten changed mRNAs after CIRP over-
expression are listed in Table 2, which include WNTSB, FGFR3, PSD4, UNC93Bl, IF144, uPA, LBH, BNIP3, LIF and KYNU.
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Table 2 The Top 10 Changed mRNAs

Gene Symbol P FC(abs) Regulation
WNT5B 0.001130185 | 4.032946052 Down
FGFR3 0.04957311 3.85370118 Up
PSD4 0.044252132 | 3.676693741 Down
UNC93BI 0.035121323 | 3.441426612 Down
IFl44 0.045932941 | 3.188163852 Up
UPA 0.035382394 | 3.116836941 Down
LBH 0.039868598 | 2.950894398 Down
BNIP3 0.048931204 | 2.860159791 Up
LIF 0.030023359 | 2.857490576 Down
KYNU 0.025551438 | 2.799229688 Up

A lot of evidence proved the tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA)
play the important roles in the pathogenesis of AD. Thus, we verified the mRNA and protein expression of uPA in all 3
pairs of cells by g-PCR and WB assays. The results showed that the mRNA levels of uPA were greatly decreased in ov-
CIRP groups compared with those in control groups with approximately 38.09-fold, 78.11-fold, and 59.66-fold decreases
in U87, U251, and H4 from oe-CIRP groups vs those from control groups respectively (p<0.001, Figure 5A).
Accordingly, the protein expressions of uPA were also significantly decreased in oe-CIRP groups when compared with
those in control groups for all 3 pairs of astrocytes (group effect F (1, 12) = 277.3, p<0.001, Figure 5B).

uPA Alleviated Ov-CIRP Astrocytes Induced Dysfunction of Neuron Cells

To analyze the effect of uPA on ov-CIRP astrocytes induced dysfunction of neuron cells, the SH-SY5Y cells were co-
cultured with ov-CIRP astrocyte cell lines which were treated with or without uPA (Figure 6A). Then we found that,
when ov-CIRP astrocytes lines (U87, U251, and H4) were treated with uPA, the promoting levels of beta-secretase,
AP1-42 protein and p-Tau in SH-SYSY induced by ov-CIRP astrocytes were significantly inhibited after uPA treatment
(ov-CIRP+uPA vs ov-CIRP groups: AB1-42, approximately 40%, 41%, and 30% decrease in U87, U251, and H4,
respectively; p-Tau, approximately 50%, 61%, and 45% decrease in U87, U251, and H4, respectively; beta-secretase,
approximately 47%, 30%, and 29% decrease in U87, U251, and H4, respectively; all p<0.001, Figure 6B).

Discussion
As one of the most common neurodegenerative diseases, AD is characterized by the aggregation of beta-amyloid (A),
the hyperphosphorylation of tau and the promoted activities of acetylcholinesterase (AchE) enzyme.'*"°

A lot of researchers believed that deeper studies on novel molecular mechanisms and pathological changes of AD are
crucial to finding new drug targets. However, the mechanism of how CIRP take actions in the development of AD was
still unclear.

To gain novel insights to the functions of CIRP in the pathogenesis of astrocyte, we comprehensively analyzed the
mRNA profiling data from 3 pairs of control and ov-CIRP human astrocytoma cell lines. We identified the significantly
changed mRNAs in all 3 pairs of cells and annotated their function. Previous studies reported that CIRP was widely
involved with the biological processes including circadian modulation, the proliferation and survival of cells, telomere
maintenance, cellular stress response, inflammation and cancer.?’ Here, the data from micro-array also identified that the
changes mRNAs induced by CIRP over-expression were implicated in response to stimulus, inflammatory bowel disease,
cell growth and so on, which were in accordance with previous studies (Figures 2 and 3). Moreover, our work revealed
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independent experiments (n=3/group). Statistical significance: **p<0.01.

a comprehensive transcripts network implying the abnormal expression of CIRP in astrocytes was associated with
a series of nervous system diseases such as Autism spectrum disorder, Parkinson’s disease (motor and cognition), Bipolar
disorder and schizophrenia, AD and so on (Table 3).

It is well known that the pathological damage of AD is related to the accumulation of extracellular senile
plaques which are composed of aggregates of AP peptides, and the hyper-phosphorylation of Tau.?' Wang et al
reported that eCIRP activated STAT3 via IL-6Ra and speculated that eCIRP derived micro-glial may be an
important mediator of neuronal tau phosphorylation after exposure to alcohol.'” Here, in order to explore the
function of CIRP in astrocyte induced neuronal injury, the phosphorylation of p-Tau and the expression of BACE,
APB1-42 in neuron cells were measured after they were co-cultured with ov-CIRP or control astrocytes lines. Then
our data revealed for the first time that over-expression of CIRP in astrocytes could greatly promote the
expression levels of p-Tau (Ser396), Ap1-42, and BACE in neurons from co-culture system. These results proved
that CIRP in astrocytes could act as a vital mediator of AD.

At last, we explore the molecular mechanisms on how CIRP in astrocytes regulate the neuronal tau phosphor-
ylation. The results from micro-array identified three mRNA in astrocytes as candidates of AD after CIRP over-
expression. Among them, uPA gained our attention. It is well known that uPA encodes a secreted serine protease
that converts plasminogen to plasmin, mutation of uPA is closely associated with the onset of Alzheimer’s
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assay. Data were represented as mean * SD from 3 independent experiments (n=3/group). Statistical significance: **p<0.01.
disease. Thus, we identified the expression levels of uPA in control and ov-CIRP astrocytoma cells by q-PCR and

WB assays. The results confirmed a significant decrease of uPA in ov-CIRP astrocyte compared with control

astrocytes at both mRNA and protein levels.

Table 3 The Relative Disease of CNS After CIRP Over-Expression

Term Database Input Gene Symbols P-value

Autism spectrum disorder NHGRI GWAS Catalog IFI44, MAP4K4 0.0171048995095
Parkinson’s disease (motor and cognition) NHGRI GWAS Catalog C8orf 0.0253314272708
Normalized brain volume NHGRI GWAS Catalog BICDI 0.0253314272708
Response to antidepressant treatment NHGRI GWAS Catalog DTWDI 0.0581276711223
Bipolar disorder and schizophrenia NHGRI GWAS Catalog LRRIQ3 0.1204990915480

(Continued)
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Table 3 (Continued).

Term Database Input Gene Symbols P-value

Alzheimer’s disease GAD TCN2, PLAU, PSEN2 0.0278533148062
Hippocampal atrophy GAD PRUNE2 0.0800292664413
Depression GAD ARGLUI 0.1578254639020
Attention deficit disorder with hyperactivity GAD URB2 0.1673380884350
Neuro-degenerative diseases KEGG DISEASE ANOI0, PSEN2 0.3888821624070

Merino et al reported that uPA and its receptor were mainly expressed in neuronal extensions, growth cones and
a subpopulation of astrocytes in the mature brain, and the release of uPA in the mature central nervous system could
improve the axonal and synaptic function after injury.”>** Moreover, the increasing evidence proved that the plasmino-
gen activator urokinase could protect neurons from amyloid P triggered synaptic injury.”**> On the basis of this evidence,
we speculated the neuronal damage induced by CIRP over-expression in astrocytes may be involved with the decreasing
expression of uPA. Thus, we added uPA to astrocyte neuron co-culture system and found uPA treatment significantly
alleviated ov-CIRP astrocytes induced dysfunction of neuron, as evidenced by the decreased AB1-42 accumulation and
tau hyper-phosphorylation in ov-CIRP+uPA groups. These results implied that over-expression of CIRP in astrocytes
could cause AD-like alteration of neurons partly depending on the down-regulation of uPA. Of note, previous studies
mainly focused on the function of neuronal uPA in AD, here we revealed for the first time that abnormal expression of
uPA in astrocytes was another cause of neuron dysfunction. Our data confirmed the significant role of CIRP in the
development of AD, supplied the understanding of molecular signaling in the CIRP induced neuron damage, and
provided a possible new therapeutic target to alleviate cognitive decline during AD. However, the current work only
explores the roles of CIRP in astrocytes at cell levels and the deeper studies should be carried out in animals. Moreover,
the mechanism on how CIRP affects the levels of uPA is still unclear.

2 D

UPA
Astrocyte P

L/

Neuron

Figure 7 The possible mechanism of how CIRP in astrocytes regulate the AD-like pathogenesis of neuron cells.
Notes: Over-expression of CIRP in astrocytes could inhibit the expression of uPA, the favorable factors of AD which contribute to the promoting expression of beta-
secretase, AB1-42 and p-Tau.
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In summary, this study revealed that over-expression of CIRP in astrocyte exerts a harmful impact on the neurons by
elevating the expression levels of BACE, AB1-42 and p-Tau (Ser396) in neuron cells partly via down-regulation of uPA
(Figure 7). Thus, down-regulation of CIRP expression may be a useful method to alleviate synaptic dysfunction
during AD.

However, there were some limitations in this article. Firstly, there are some differences between glioma cell lines and
astrocytic function, although U87, U251, and H4 originate from astrocytes. Due to oncogenic background glioma cell
lines, they can only reflect some features of astrocytes. Secondly, in this article we did not assess whether CIRP-
overexpressing astrocytes affect SH-SYSY cells through altering the secretion of additional cytokines or neurotoxic
factors or through changing the other inflammatory or stress-response pathways in astrocytes which can contribute to AD
pathogenesis. Finally, we only explored the role of uPA in CIRP-induced changes, but did not explore the specific
pathways in these effects. So further studies are needed to explore the accurate mechanisms.
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