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Abstract

The CCAAT/enhancer binding protein delta (CEBPD, C/EBPδ, NF-IL6β) is induced in many 

inflammation-related diseases, suggesting that CEBPD and its downstream targets may play 

central roles in these conditions. Neuropathological studies show that a neuroinflammatory 

response parallels the early stages of Alzheimer’s disease (AD). However, the precise mechanistic 

correlation between inflammation and AD pathogenesis remains unclear. CEBPD is upregulated in 

the astrocytes of AD patients. Therefore, we asked if activation of astrocytic CEBPD could 

contribute to AD pathogenesis. In this report, a novel role of CEBPD in attenuating macrophage-

mediated phagocytosis of damaged neuron cells was found. By global gene expression profiling, 

we identified the inflammatory marker pentraxin-3 (PTX3, TNFAIP5, TSG-14) as a CEBPD target 

in astrocytes. Furthermore, we demonstrate that PTX3 participates in the attenuation of 

macrophage-mediated phagocytosis of damaged neuron cells. This study provides the first 
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demonstration of a role for astrocytic CEBPD and the CEBPD-regulated molecule PTX3 in the 

accumulation of damaged neurons, which is a hallmark of AD pathogenesis.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that occurs predominantly in 

elderly people and leads to behavioral changes, including impaired memory and learning as 

well as cognitive loss. It has been shown that senile plaques are a pathologic hallmark of AD 

and are composed of β-amyloid (Aβ), activated microglia, astrocytes, and degenerating 

neurons (Giulian et al., 1995; Itagaki et al., 1989; Sasaki et al., 1997; Streit et al., 2004). 

Two pathologic lesions are present: amyloid plaques and neurofibrillary tangles (NFTs). 

These insoluble aggregates of protein accumulate both inside and outside neurons. Other 

neuropathological features that accompany the progression of AD include a decrease in 

synaptic density, dystrophic neurites, inflammation, and neuronal cell loss. Inflammation 

can be autotoxic to neurons, exacerbating the fundamental failure underlying the 

neurological disorder. Microglia, which are highly reactive to environmental changes, are the 

principal immune cells of the brain. However, the exact role of microglia in the pathogenesis 

of AD has not yet been resolved. Interestingly, the phenomenon of the atypical inflammatory 

response has parallels with the phagocytosis of apoptotic neuron cells in macrophages, 

which is seen in some brain and neurodegenerative diseases (Cole et al., 2006; Staikos et al., 

2008). The astrocytes also generate a response of the brain to injury through production of 

growth factors, which can further promote microglial growth and activation or modulate the 

cytotoxic activity (Lee et al., 1994; Martin et al., 1994). Therefore, microglial cells and 

astrocytes are important for understanding the pathogenesis of AD.

The lesions observed in AD are characterized by the existence of inflammatory mediators, 

such as cytokines, chemokines, proteases, free radicals, pentraxins, and activated 

complement proteins (McGeer and McGeer, 1995, 2002). Several factors involved in 

inflammatory reactions have been implicated in both astrocyte and microglia functions 

(Bonifati and Kishore, 2007; Qin et al., 2008). However, the regulation of these immune 

factors and their functional significance in disease-relevant processes such as macrophage-

mediated phagocytosis of dead neurons remain unclear.

The inflammatory marker pentraxin-3 (PTX3) is a secreted molecule, which consists of a C-

terminal domain similar to classical pentraxins (e.g., C-reactive protein [CRP]) and of an 

unrelated N-terminal domain. PTX3 is produced and released in situ by many different cell 

types including dendritic cells, macrophages, fibroblasts, activated endothelial cells, and 

neutrophils (Ortega-Hernandez et al., 2009). The production of PTX3 can be stimulated by 

lipopolysaccharide (LPS), interleukin-1 beta (IL-1β), inter-leukin-10 (IL-10), and tumor 

necrosis factor-α (TNF-α) (Altmeyer et al., 1995; Basile et al., 1997; Breviario et al., 1992; 

Castelo-Branco et al., 2003). PTX3 has functional roles in the innate resistance against 
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selected pathogens, and also in regulating inflammatory reactions and autoimmunity, by 

assuming antibody-like functions such as facilitating pathogen recognition by phagocytes 

(Bottazzi et al., 2006; Mantovani et al., 2003). By contrast, complement component 1, q 

subcomponent (C1q)-enhanced PTX3 can directly bind to the membrane of apoptotic cells, 

and inhibit the phagocytosis of apoptotic cells by dendritic cells and macrophages (van 

Rossum et al., 2004). To date, nothing is known about the regulation and function of PTX3 

in brain inflammation.

In this study, we show that PTX3 is activated in astrocytes by the transcription factor 

CCAAT/enhancer binding protein delta (CEBPD; also known as C/EBPdelta, CRP3, CELF, 

and NF-IL6β). CEBPD is known to regulate or coregulate a wide range of inflammatory 

mediators and participate in signaling by IL-1β, interleukin-6 (IL-6), and TNF-α (Cardinaux 

et al., 2000; Ramji et al., 1993; Tsukada et al., 1994). Induction of CEBPD expression was 

observed in age-associated disorders such as neuron degeneration (Li et al., 2004), 

atherosclerosis (Takata et al., 2002), type 2 diabetes (Gao et al., 2006), and rheumatoid 

arthritis (Nishioka et al., 2000). However, the physiological function of CEBPD and its 

downstream targets in these inflammation-related diseases are poorly understood. 

Furthermore, IL-1β, IL-6, and TNF-α are well known to be increased in pathological 

regions of neurodegeneration, including AD and Parkinson’s disease (Glass et al., 2010). 

Recently, the immunohistochemistry of AD demonstrates the accumulation of CEBPD in 

reactive astrocytes surrounding Aβ peptide deposits (Li et al., 2004). Therefore, we 

hypothesized that understanding the roles and downstream targets of astrocytic CEBPD may 

be important for elucidating the biology of AD pathogenesis. Our results implicate CEBPD-

activated PTX3 in the failure of macrophages to remove damaged neurons, which may be 1 

mechanism by which inflammation contributes to the development of AD.

2. Methods

2.1. Materials

Antibodies against hemagglutinin (HA) and β-actin were purchased from BABCO 

(Richmond, CA, USA) and Sigma (St. Louis, MO, USA), respectively. An antibody against 

CEBPD (sc-636) for chromatin immunoprecipitation (ChIP) was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). The TRIzol ribonucleic acid extraction reagent, 

Lipofectamine 2000, Dulbecco’s modified Eagle’s medium (DMEM), SuperScriptTM III, 

and Opti-MEM medium were obtained from Invitrogen (Carlsbad, CA, USA). All 

oligonucleotides were synthesized by MDBio, Inc. (Taipei, Taiwan). Fetal bovine serum 

(FBS) was purchased from Hy-Clone Laboratories (Logan, UT, USA). The zinc-inducible 

CEBPD expression vector, pMT/HA-CEBPD, was constructed by cloning CEBPD 

complementary DNA (cDNA) with BamHI and HindIII into the pMTCB6+ vector (a gift 

from Dr. Sigal Gery, Cedars-Sinai Medical Center, Los Angeles, CA, USA). For the 

dominant negative CEBPD expression vector (CEBPDDN), the NotI/Klenow/SalI fragment 

of CEBPD cDNA was inserted into the pCDNA3/HA vector by BamHI/Klenow/SalI, which 

results in an N-terminal deletion of amino acids 2–150 from the CEBPD expression vector.
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2.2. Cell culture

U373MG (human glioblastoma-astrocytoma cell line), SHSY5Y (human neuroblastoma cell 

line), and THP-1 (human acute monocytic leukemia cell line) were cultured in DMEM, 

DMEM/F-12, and RPMI-1640, respectively, containing 5% fetal bovine serum, 100 μg mL 

streptomycin, and 100 units mL penicillin. For inducible expression of CEBPD, the 

pMT/HA-CEBPD construct was introduced into U373MG cells and stable clones were 

selected by G418-resistance. For differentiation of macrophages, THP-1 cells were seeded in 

24-well plates and treated with 5 ng/mL phorbol 12-myristate 13-acetate (PMA) for 48 

hours first, followed by 7 days of culture without PMA, and medium exchange on day 2 and 

5. Mouse embryo fibroblast (MEF) were isolated essentially as described (Tessarollo, 2001) 

from individual E13.5–E14.5 embryos generated by mating of Cebpd null heterozygous 

mice (Sterneck et al., 1998) of the 129S1 strain. The MEF cells were further immortalized 

by E1A. These cells were maintained in DMEM/10% FBS and passaged every 3 days at 3 × 

105 cells per 10 cm dish (3T3 protocol). The 2 established cell lines per genotype were 

derived from pooled knockout (KO) and wild type (WT) embryos of 2 independent litters 

each.

2.3. AD transgenic mouse

Cortex from 10-month-old APPSwe + PS1/E9 bigenic mice obtained from Jackson 

Laboratory (Bar Harbor, ME, USA; stock no. 004462) was homogenized in 1 mL phosphate 

buffered saline (PBS), including 10 mM sodium fluoride (NaF), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), aprotinin, 1 μg mL leupeptin 1 μg/mL, and 1 mM 

sodium orthovanadate (Na3VO4). After centrifugation, the supernatant was stored at −80 °C 

for further analysis.

2.4. Culture of primary cortical neurons, mixed glial cells, and Aβ treatment

Mouse cortical neurons were established from cerebral hemispheres of postnatal day 0 (P0) 

C57BL/6 mouse pups. The cortex was dissected and digested in 7 mL of trypsin (10 

units/mL) in PBS at 37 °C for 30 minutes. After rinsing, the tissue was triturated and filtered 

through a nylon mesh filter (70 μm). Cells were plated at 0.5 × 106 cells/cm2 onto a plastic 

culture plate coated with poly-L-lysine and maintained in Neurobasal A medium 

supplemented with 100 U/mL penicillin, 0.1 mg/mL streptomycin, 0.5 mM L-glutamine, 

and 5% FBS (Invitrogen). The next day, 8 μM cytosine arabinoside (Ara-C; Invitrogen) was 

added to prevent glial cell growth. By glial fibrillary acidic protein (GFAP) immunostaining 

(Invitrogen), the proportion of glial cell was <5% of the total population of primary cortical 

cultured cells. For mixed glial cell cultures the cortex was isolated and prepared as above. 

However, cells were plated at 2 × 105 cells/cm2 onto a plastic culture plate coated with poly-

L-lysine and maintained in DMEM/F12 medium supplemented with 10% FBS and 100 units 

mL penicillin. The Aβ aggregate was prepared from a solution of 1 mM of soluble Aβ(1–42) 

(Sigma, St. Louis, MO, USA) in 0.01 M PBS (pH 7.4). The solution was incubated at 37 °C 

for 3 days to form the aggregated Aβ and stored at −70 °C. Cells were treated with 5 μM 

Aβ(1–42) for 24 hours.
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2.5. Human PTX3 promoter cloning and mutagenesis

The 5′-flanking region of PTX3 gene was obtained from THP-1 cells by using the DNeasy 

Tissue Kit (Qiagen, Düsseldorf, Germany) and a forward primer, 5′-GGTACCTAATA-

ACCCCTATCTCACTT-3′=, and reverse primer, 5′-
AAGCTTCTGAGTTTGAGCGGAGGAGA-3. The 5′-serial deletion mutants of PTX3 
promoter were generated by polymerase chain reaction (PCR) with above reverse primer and 

the following forward primers: PTX3/−473KpnI: 5′-
GGTACCTTGGACTTGACTTTCAGAGC-3′, or PTX3/−44KpnI:5′-
GGTACCTGCCACCAGCATTACTCATT-3′. These verified fragments were digested with 

KpnI and Hind III and then subcloned into promoter-less PGL2-basic vector. Mutant 

reporter plasmids were derived from −473/+60 wt reporter by site-directed mutagenesis 

following the instructions of the QuikChang Site-directed Mutagenesis Kit (Stratagene, CA, 

USA) with the M1 (5′-TTTGCGGTTTAATATCTCGAGACTTCCACATTTCCC-3′) or M5 

(5′-CTATATA-TAAAGGGTCTCGAGATAATAACAGCTCAC-3′) primers.

2.6. Plasmid transfection and reporter gene assay

To analyze the promoter activity of PTX3 reporters, U373MG cells were transiently 

transfected with plasmids as indicated by Lipofectamine 2000 according to the 

manufacturer’s instructions. The total DNA amount for each experiment was kept constant 

with control empty vectors. After 6 hours of incubation with transfection mixtures, the Opti-

MEM medium was changed to regular medium and incubated for a further 12 hours. 

Luciferase activities of trans-fectants were measured by the Luciferase Assay System 

(Promega, Madison, WI, USA) according to the manufacturer’s instructions.

2.7. Microarray analysis and reverse transcription-PCR (RT-PCR)

Total RNAs were isolated using the TRIzol RNA extraction reagent. Samples were validated 

with Agilent Human Whole Genome Oligo 4 × 44 K Microarray (Welgene Biotech. Co., 

Taipei, Taiwan), following the manufacturers’ protocols. All processes were performed by 

Welgene Biotech Company (Taipei, Taiwan). Good quality signals were obtained by filtering 

for scores of p-value < 0.05 in all replicates, M-value of > 6 in all signals, and more than 

1.5-fold change. Finally, the function of candidate genes was assigned by Ingenuity Pathway 

Analysis (IPA) (Ingenuity Systems Inc., Redwood City, CA, USA). For RTPCR, total RNA 

was isolated as mentioned above, and subjected to reverse transcription with SuperScriptTM 

III. Specific primers for RT-PCR in this study are shown in Supplemental Table 1. The PCR 

products were separated by electrophoresis in 2% agarose gels and visualized with ethidium 

bromide staining.

2.8. Program of prediction of CEBPD binding motifs (PCDBM)

The promoter sequences of human, rat, and mouse genes were retrieved by the EnsMart 

System (www.ensembl.org/biomart/martview/c6c926d9815de045873590a6da1ac151). To 

allow user-directed analysis of promoter sequences and obtain prediction of putative 

CEBPD-specific binding motif, the free web site of PCDBM was constructed following the 

report of S. Osada et al. (Osada et al., 1996). The 5′-flanking region of genes can be 

extracted and down-loaded in a FASTA format cluster. With the php (www.php.net) and 
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MySQL (www.mysql.com) free database systems for constructing a web service 

bioinformatic tool, all the data were imported into the MySQL database. In addition, the 

binding predictions for CEBPB and CEBPA also are available in the output frame for 

reference.

2.9. Western blot analysis

For Western analysis, cells were lysed with modified radioimmunoprecipitation assay buffer, 

including 50 mM Tris-HCl (pH 7.4), 150 mM sodium chloride (NaCl), 1 mM 

ethylenediamine tetraacetic acid (EDTA), 1% NP40, 0.25% sodium deoxycholate (NaDOC), 

1 mM dithiothreitol (DTT), 10 mM NaF, 1 mM PMSF, aprotinin, 1 μg mL, leupeptin 1 

μg/mL, and 1 mM Na3VO4. Lysates were resolved on a sodium dodecyl sulfate (SDS)-

containing 10% polyacrylamide gel, transferred to polyvinylidene difluoride (PVDF) nylon 

membrane, and probed with specific antibodies at 4 °C overnight. Specific bands were 

detected by a horseradish peroxidase-conjugated antibody and revealed by an enhanced 

chemiluminescence (ECL) Western blot system from Pierce (Rockford, IL, USA).

2.10. Short hairpin RNA (shRNA) assay

The lentiviral expression vectors pLKO.1-shLuc and pLKO.1-shCEBPD were purchased 

from the National RNAi Core Facility located at the Genomic Research Center of Institute 

of Molecular Biology, Academia Sinica. The effects of a short hairpin RNA (shRNA) 

designed against luciferase (pLKO.1-shLuc, CTTCGAAATGTCCGTTCGGTT) as control 

and against CEBPD (pLKO.1-shCEBPD, GCCGACCTCTTCAACAGCAAT) cloned into 

pLKO.1 on CEBPD expression levels were determined. Virus was produced as described 

using Lipofectamine 2000 to cotransfect Phoenix cells with the pLKO.1-shLuc or pLKO.1-

shCEBPD vectors together with pMD2.G and psPAX2. Viral supernatants were harvested in 

the conditioned medium.

2.11. Gel shift assay

The 32P-labeled oligonucleotide probes (0.2 to 0.5 ng) containing the individual putative 

CEBPD motifs were incubated with 1 μL of in vitro-translated HA-CEBPD in specific 

binding buffer, as described below, containing 1 μg of poly(dI-dC). After 20 minutes of 

incubation at room temperature, the reaction mixtures were resolved in a 5% native 

polyacrylamide gel (with an acrylamide/bisacrylamide ratio of 30:1) at 4 °C, and the specific 

protein complexes were visualized by autoradiography. The binding buffer contained 10 mM 

Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, 1 mM EDTA, and 10% vol/vol glycerol. For 

the antibody supershift experiments, 1 μg of antibodies against CEBPD was included in the 

binding reaction mixture. The sense strand sequences of various oligonucleotides used were 

site 1: 5′-TTTAATATTGTGCAACTTCCAC-3′; site 2: 5′-
ATTCAAATTACAACAGCTAATT-3′; site 3: 5′-TGATGATTTGCTTCAGTACCCT-3′; site 

4: 5′-CAGAAAATGCTGAAATGATGAT-3′; site 5: 5′-
TAAAGGGTTGTGAAATAATAAC-3′; and site 6:5′-
TACCAAGTTATGAAAAGAAACA-3′.
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2.12. Chromatin immunoprecipitation (ChIP) assay

The chromatin immunoprecipitation (ChIP) assay was carried out essentially as described by 

Wang et al. (2006). Briefly, U373MG and THP-1 cells were treated with 1% formaldehyde 

for 15 minutes. The cross-linked chromatin was then prepared and sonicated to an average 

size of 500 bp. The DNA fragments were immunoprecipitated with antibodies specific for 

CEBPD, or control rabbit immunoglobulin G (IgG) at 4 °C overnight. After reversal of the 

cross-linking, the immunoprecipitated chromatin was amplified by primers related to the 

specific regions of the PTX3 genomic locus. The primers were F-473(S) (5′-
GGTACCTTGGACTTGACTTTCAGAGC-3′) and R+60(AS) (5′-
AAGCTTCTGAGTTTGAGCGGAGGAGA-3′). The amplified DNA products were 

resolved by agarose gel electrophoresis and confirmed by sequencing.

2.13. Phagocytosis assay

Apoptosis was triggered by C-band ultraviolet light (UVC) irradiation (254-nm wavelength) 

of cells at the dose of 8 mJ/cm2 followed by incubation of irradiated cells for up to 24 hours. 

Induction and phase of apoptosis were verified by flow cytometry (quantification confirmed 

up to 80% cell death) using fluorescein isothiocyanate (FITC)-conjugated annexin V and 

propidium iodide (PI). The apoptotic SH-SY5Y cells or primary neurons were labeled with 

PKH-26 red fluorescent cell linker kit (Sigma, St. Louis, MO, USA) according to the 

manufacturer’s instructions. Labeled apoptotic, viable SHSY5Y cells or primary neurons (5 

× 105) were incubated with various concentrations of recombinant human PTX3 protein or 

conditioned medium as indicated for 30 minutes at room temperature in a final volume of 50 

μL PBS containing bovine serum albumin (0.1%). Cells were then washed with PBS and 

were resuspended in RPMI medium containing 30% FBS. Next, the suspensions (0.3 mL/

well) containing 5 × 105 SHSY5Y cells or primary neurons were added to the 24-well plates 

containing monocyte-derived macrophages (5 × 104/well), and cell interaction was allowed 

for 30 minutes at 37 °C in 5% CO2. Cells were adhered to poly-L-lysine coated coverslips 

for immunofluorescence analysis or trypsinized for quantitative analysis by flow cytometry. 

Cells were then stained with anti-F4/80 rat monoclonal antibody (Santa Cruz, Santa Cruz, 

CA, USA) as a marker for macrophage and secondary goat anti-rat IgG-FITC (Santa Cruz, 

Santa Cruz, CA, USA). Nuclei were counterstained with 4,6-diamidino-2-phenylindole, 

dihydrochloride (DAPI). The coverslips were mounted on glass slides using Moviol 

(Calbiochem, Nottingham, UK) and observed by fluorescence microscopy. In addition, the 

assessment of cell death when macrophage and SHSY5Y cells coincubated with PTX3 was 

performed as follows. First, the SH-SY5Y cells were labeled with PKH-67 green fluorescent 

cell linker dye (Sigma, St. Louis, MO, USA). Viable SH-SY5Y cells (5 × 105) and 

monocyte-derived macrophages (5 × 105/well) were washed with PBS 3 times. SH-SY5Y 

cells were resuspended in serum free RPMI medium to induce cell death before being added 

into macrophage coculture. Cell interaction was allowed for 24 hours at 37 °C in 5% CO2. 

Cell death was detected by staining with propidium iodide and fluorescence microscopy or 

quantitative analysis by flow cytometry.
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2.14. Conditioned medium concentration and enzyme-linked immunosorbent assay 
(ELISA)

Medium was collected after 24 hours of culture with ZnSO4 (100 μM) from various stable 

U373MG cell lines containing inducible CEBPD expression vector and then concentrated 

from 10 mL into 200 μL volume by Amicon Ultra-15 centrifugal filter (Millipore, Billerica, 

MA, USA) according to manufacturer’s instructions. Expression of PTX3 in supernatants 

was quantified with a commercially available ELISA, according to manufacturer’s 

instructions (Quantikine® ELISA kit, R&D, Minneapolis, MN, USA).

2.15. Immunohistochemistry

Brain tissue dissections were postfixed in 4% buffered paraformaldehyde for 24–36 hours, 

cryoprotected, sectioned at 10 μm on a freezing microtome, and stored at −20 °C in 33% 

glycerin, 33% glycerol, 33% phosphate buffer (pH 7.4) solutions. After blocking in 3% 

bovine serum albumin, the sections were incubated overnight in first antibody. Detection of 

immunoreactivity employed Vectastain (VECTOR, Burlingame, CA, USA) kits with a 

diaminobenzidine label.

3. Results

Elevated CEBPD expression was reported in astrocytes of AD patients (Li et al., 2004). 

Many regulatory motifs of transcription factors are conserved between the promoters of the 

human CEBPD and mouse Cebpd genes (Wang et al., 2005). Therefore, we analyzed the 

transgenic App mouse model for AD to see if it recapitulates induced CEBPD expression. 

First, we confirmed the appearance of Aβ-plaques in the mouse brains (Fig. 1A). Next, 

Western analysis showed that Cebpd protein was specifically induced in the brains of App 
transgenic mice (Fig. 1B), demonstrating a causal relationship of Aβ and Cebpd expression 

in vivo. Moreover, treatment with Aβ, IL-1β, or TNF-α could activate Cebpd transcripts in 

enriched mouse glial cell cultures consisting primarily of astrocytes (Fig. 1B, right panel). 

These data imply that the induction of Aβ-induced Cebpd could occur through the actions of 

IL-1β and TNF-α. Furthermore, CEBPD expression was examined in human astrocytes 

(U373MG) and monocytes (THP-1) after treatment with IL-1β or TNF-α. As shown in Fig. 

1C, both cytokines could increase CEBPD transcript levels in U373MG and THP-1 cells. 

These data show that factors associated with AD induce CEBPD expression in mouse and 

human astrocytes in vitro.

To identify the spectrum of genes controlled by CEBPD in astrocytes, U373MG cells stably 

transfected with a zinc-inducible CEBPD expression construct were generated for global 

gene expression profiling. In this system, CEBPD was induced approximately 6-fold by 8 

hours of zinc treatment (Fig. 2A, left panel) at which point total RNA was harvested and 

microarray profiling analysis was performed. Among the genes screened, expression of 430 

genes was modulated by CEBPD with statistical significance (Fig. 2A, right panel). A total 

of 236 genes were induced while 194 genes were inhibited by CEBPD. Table 1 shows a 

selection of CEBPD-responsive genes in 5 categories related to inflammation-related 

biology according to the Ingenuity pathway analysis program (Table 1). To verify the 

microarray results, several genes were analyzed by RT-PCR, which confirmed induction or 
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repression by CEBPD as predicted by the microarray (Fig. 2B). Next, we examined whether 

these CEBPD regulated genes were also responsive to TNF-α or IL-1β. RT-PCR analysis of 

U373MG cells revealed that CEBPD-induced genes identified by microarray, were also 

activated by TNF-α or IL-1β (Fig. 2C). This result raises the possibility that CEBPD 

mediates the IL-1β[notdef]and TNF-α-induced expression of these genes in astrocytes of 

AD.

Because phagocytosis is deficient in most AD patients (Fiala et al., 2007), we decided to test 

whether CEBPD-regulated secreted proteins may function in the regulation of phagocytosis. 

To this end, we assessed phagocytosis of apoptotic SH-SY5Y neuronal cells by THP-1 

derived macrophages (Fig. 3A and B). When macrophages were incubated with conditioned 

medium from U373MG cells expressing CEBPD (+ZnSO4), the phagocytosis rate was 

significantly attenuated compared with cells exposed to control conditioned medium (Fig. 

3C). Similar results were obtained when the experiment was performed with apoptotic 

primary mouse neurons (Fig. 3D). These results show that CEBPD can induce secreted 

factors in astrocytes, which attenuate phagocytosis of dead neurons by activated 

macrophages. Hence, overexpression of CEBPD may result in the accumulation of dead 

cells and consequently enhanced apoptosis of neurons in neurodegenerative diseases.

The microarray data indicated that CEBPD could induce expression of PTX3 (Fig. 2B and 

C, and Supplemental Fig. 1). PTX3 is induced by inflammatory signals and can inhibit the 

phagocytosis of apoptotic cells by dendritic cells and macrophages (see Introduction). 

Therefore, we asked if PTX3 was the CEBPD-induced secreted factor that attenuated 

phagocytosis. We first examined whether mouse PTX3 (Ptx3) expression can be activated by 

Aβ, TNF-α, or IL-1β in primary glial cells. As shown in Fig. 4A, Ptx3 transcripts were 

induced by all of these stimuli. Furthermore, ectopic CEBPD induced PTX3 mRNA levels in 

human U373MG and THP-1 cells (Fig. 4B), indicating that CEBPD-regulated PTX3 
expression is not cell type- or species-specific. To verify if endogenous CEBPD can mediate 

proinflammatory factor-induced PTX3 expression, we depleted CEBPD by small interfering 

RNA (siRNA) (siD) in U373MG cells, which attenuated the TNF-α-induced PTX3 
transcript levels in a dose-dependent manner (Fig. 4C). Furthermore, Ptx3 transcription was 

also reduced in Cebpd-deficient MEFs treated with TNF-α or IL-1β compared with wild-

type MEFs (Fig. 4D). Lastly, we show that immunoassays detected PTX3 protein 

specifically in media of U373MG cells with Zn-induced CEBPD expression (Fig. 4E). 

Collectively, we conclude from these results that CEBPD is an upstream activator of PTX3 
expression.

To determine if CEBPD activates PTX3 transcription through its promoter, various 5′-
flanking regions of the PTX3 gene were cloned in front of a luciferase reporter (Fig. 5A, left 

panel). Cotransfection of CEBPD, in combination with WT-1200 or WT-473 but not WT-44, 

induced a 2.5-fold increase in reporter activity. This result suggested that sequences between 

positions-473 and −44 of the PTX3 gene promoter were essential for CEBPD action. 

Reporter activity from the WT-473 construct was also induced by e IL-1β or TNF-α, and 

attenuated by a dominant negative mutant of CEBPD (Fig. 5B). These results suggest that 

endogenous CEBPD mediates at least in part IL-1β- and TNF-α-induced PTX3 promoter 

activity.

Ko et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The 5 members of the CCAAT/enhancer binding protein (CEBP) family all bind to the same 

DNA sequences by virtue of a highly conserved DNA binding domain (Osada et al., 1996). 

Although CEBP-binding motifs can be predicted by several online programs, such as 

TFSEARCH (www.cbrc.jp/research/db/TFSEARCH.html), there is no program for the 

prediction of specifically CEBPD binding. However, Osada et al. characterized that each 

protein displays certain sequence preferences at least in vitro (Osada et al., 1996). Using the 

information in their report, we created an internet program named “Prediction of CEBPD-

Binding Motifs” (PCDBM; http://web.ibbt.ncku.edu.tw:8080/wjmlab/PCDBM; 

Supplemental Fig. 2). This program allows the user to obtain the 5=-flanking region of the 

gene of interest and identify putative CEBPD-binding motifs. The PCDBM and TFSEARCH 

programs predicted the same 5 putative CEBPD-binding elements in the PTX3 promoter 

(Fig. 5A), while TFSEARCH predicted 1 additional site (site 4). Binding of CEBPD to these 

sites was verified by electrophoretic mobility shift assay (EMSA). According to PCDBM 

sites 5 (score = 92) and 1 (score = 100) possessed the highest CEBPD-binding activities, 

whereas TFSEARCH gave the highest scores to sites 5 (score = 86), 6 (score = 88), and 1 

(score = 88). The electrophoretic mobility shift assay (EMSA) revealed a better correlation 

of binding activity with the prediction of PCDBM (Fig. 5C). Therefore, we suggest that 

PCDBM could be a reliable program for predicting specific CEBPD-binding motifs. To 

further assess if sites 1 and 5 are critical for CEBPD-mediated activation of the PTX3 gene, 

we mutated these sites within the reporter constructs. The PTX3 promoters containing a 

point mutation at sites 1 (M1), 5 (M5) or both (M1/M5) were cotransfected with the CEBPD 

expression vector. Attenuated reporter activities were observed in the cotransfectants with 

M1 or M5 reporters, and the M1/M5 reporter did not respond at all to CEBPD (Fig. 5D).

To examine whether CEBPD binds directly to the endogenous PTX3 promoter, we 

performed an in vivo DNA binding assay. In both THP-1 and U373MG cells, IL-1β and 

TNF-α stimulated the association of endogenous CEBPD with the PTX3 gene promoter 

(Fig. 6). These results demonstrate that proinflammatory factor-induced CEBPD binds to the 

PTX3 promoter to activate gene transcription.

Extensive evidence suggests that amyloid deposition provokes a microglial-mediated 

inflammatory response that significantly contributes to cell loss and cognitive decline that is 

characteristic of AD (see Introduction). Our aforementioned results show that the 

conditioned medium of CEBPD-expressing astrocytes can inhibit phagocytosis of dead 

neurons by macrophages (Fig. 3A and B). Moreover, we have demonstrated that CEBPD 

induces transcription of PTX3, an extracellular protein involved in the regulation of 

phagocytosis in the inflammatory response (Supplemental Fig. 1). To probe the direct effect 

of PTX3 on phagocytosis, increasing amounts of recombinant PTX3 were added to 

macrophages. Indeed, PTX3 could attenuate the efficiency by which macrophages 

phagocytosed apoptotic SH-SY5Y cells (Fig. 7A). To investigate the consequence of the 

accumulation of dying neuron cells, we incubated macrophages with serum-starved SH-

SY5Y cells. The dying SHSY5Y cells were then further examined for apoptosis by PI 

staining. An enhancement of the accumulation of PI-positive SH-SY5Y cells was observed 

in the presence of PTX3 in a dose-dependent manner (Fig. 7B). These results suggest that 

PTX3 secretion may exacerbate neuronal cell death by blocking phagocytosis of dead 

neurons by macrophages in inflamed areas.
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4. Discussion

Alzheimer’s disease and other neurodegenerative disorders are in part the result of the 

interplay between neurons, glia, and inflammatory cells. However, much is to be learned 

about how these different cell types contribute to the disease phenotype. In this report we 

have shown that Aβ induced CEBPD expression in astrocytes and microglial cells in vitro as 

well as in brains of App transgenic mice in vivo. Gene expression analyses revealed that 

CEBPD regulates secreted factors with implications for AD such as TNF-alpha-induced 

protein 6 (TNFAIP6), CXC (C-X-C motif) chemokine receptor 4 (CXCR4) and PTX3 in 

U373MG astrocytes. Interestingly, the conditional medium of CEBPD expressing U373MG 

cells attenuated macrophage-mediated phagocytosis of dead neurons, and this activity was 

replicated by purified PTX3. This report identified PTX3 as a novel CEBPD target. The 

production of PTX3 has been demonstrated in smooth muscle cells, adipocytes, 

mononuclear phagocytes, and dendritic cells (Abderrahim-Ferkoune et al., 2004; Alles et al., 

1994; Doni et al., 2003; Introna et al., 1996; Klouche et al., 2004), and all these cell types 

can also express CEBPD (Lai et al., 2008; Sekine et al., 2002; Serio et al., 2005). Also the 

NF-κB pathway activates transcription of the PTX3 gene (Basile et al., 1997). Notably, 

CEBPD itself is a target gene of NF-κB and can amplify NF-κB signaling (Litvak et al., 

2009). Hence, NF-κB and CEBPD may cooperate in activation of PTX3 transcription in 

different cell types. These data suggest that CEBPD, within a loop of proinflammatory 

signals, and its target PTX3 are at least in part responsible for the previously unexplained 

observation that phagocytosis activity is low in AD patients (Fiala et al., 2007).

An accumulation of activated glial cells, particularly microglia and astrocytes, has been 

observed in the same areas as amyloid plaques. In addition, astrocytes also extensively 

interact with neurons and provide the structure and metabolic support for the homeostasis 

and the maintenance of normality of brain neurons. Moreover, astrocyte reactivity (i.e., 

activation) and associated neuroinflammation are increasingly thought to contribute to 

neurodegenerative diseases (see Introduction). While induced expression of C/EBP genes at 

sites of neuroinflammation or neural damage has been described before (Perez-Capote et al., 

2006), the identification and function of their target genes, especially for CEBPD, have 

rarely been discussed. Here, a global profiling of CEBPD-regulated genes in astrocytes is 

provided (Table 1 and Supplemental Table 2), which includes several known CEBPD or 

C/EBP target genes, such as PDGFRA, CEBPA, CEBPE, MMP3, ID2, MT1s, GABRE, 

RGS2, BCL2L1, and CTGF (Cao et al., 1991; Connors et al., 2009; Fukuoka et al., 1999; 

Karaya et al., 2005; Sato et al., 2006; Thangaraju et al., 2005) as well as novel genes. 

Several target genes, such as ID2, ALB, DGNF, and CTGF, are suggested to be connected 

with AD. Several candidate target genes, such as FGF4, THBS, MMP1, MMP10, and 

MMP3, are known to participate in the inflammation process but have not yet been reported 

in AD. Progressive memory deficits, cognitive impairment, and personality changes are also 

characteristic of AD patients. Interestingly, loss of Cebpd improved specific memory 

functions in mice (Sterneck et al., 1998). While it remains to be determined if this is due to a 

role of Cebpd in neurons or glia/astrocytes, the observation is in line with overexpression of 

CEBPD possibly contributing to the AD phenotype.
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The profiling of CEBPD-regulated gene expression in astrocytes may also provide 

interesting candidates for regulating cell survival and the neuron-glial cell interactions. 

CEBPD decreased expressions of GDNF, THBS, AKT1, and BCL2L1, but activate 

expressions of BCL2L11 and casP8 (Table 1 and Supplemental Table 2). GDNF and THBS 

were suggested to protect neuron cells and suppress inflammation (Ghribi et al., 2001; Oh et 

al., 2008). AKT1 and BCL2L1 (BCL-xL) were implicated in the maintenance of astrocytes, 

and also in protecting brain neurons (Di Iorio et al., 2004; Xu et al., 1999). BCL2L11 (Bim) 

and CASP8 (caspase 8) are suggested to participate in the activation of astrocytes (Falsig et 

al., 2004; Lee et al., 2009). Hence these expression changes are mostly in line with a role of 

CEBPD in astrocyte activation and neuronal cell death. However, the functional relevance of 

these genes in AD and as CEBPD targets remains to be determined. Furthermore, it will be 

interesting to investigate how posttranslational modification, which play a critical role in 

CEBPD’s precise functions (Lai et al., 2008; Wang et al., 2006, 2008), modulate expression 

of these genes.

In addition to Aβ, TNF-α, and IL-1β, which activate CEBPD transcription in astrocytes as 

reported here, CEBPD is also induced by bacterial lipopolysaccharide (LPS) in various cell 

types (Liu et al., 2007; Rabek et al., 1998). Increasing evidence shows that bacteria and their 

persistent remnants may play a role in the accumulation of inflammatory effects and 

amyloid plaques in AD (Miklossy, 2008). Baruah et al. suggested that PTX3 confers 

immediate protection when acute inflammation and extensive cell death coexist, while 

limiting the onset and possibly the maintenance of autoimmune phenomena (Baruah et al., 

2006; Manfredi et al., 2005). An accumulation of apoptotic cell remnants can challenge the 

immune system and trigger proinflammatory responses and eventually chronic autoimmune 

diseases such as systemic lupus erythematosus (Gaipl et al., 2004). Here, we demonstrated 

that PTX3 can inhibit the engulfment of dead neurons by differentiated THP-1 macrophages, 

and enhance the accumulation of dying SHSY5Y cells. The net effect of PTX3 may be in 

the accumulation of dead neurons that were damaged by inflammation in brain areas. 

Therefore, we suggest that the induction of CEBPD can enhance the accumulation of 

apoptotic cells, which amplifies the inflammatory response through PTX3 in AD, or other 

inflammation-related diseases. We suggest that detection of PTX3 in cerebrospinal fluid 

could be assessed as a diagnostic tool for AD progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
CCAAT/enhancer binding protein delta (CEBPD) expression is induced in Alzheimer’s 

disease (AD) models and by proinflammatory cytokines. (A) Sagittal sections and protein 

lysates of brain cortex were prepared from wild type (wt) and APP transgenic (Tg) mice, and 

subjected to immunohistochemistry with β-amyloid (Aβ) antibody (left panel) or Western 

blot analysis with Cebpd antibody (right panel), respectively. (B) Enriched mouse primary 

glial cultures were derived from mice cerebral cortex and the glial cells were identified by 

immunofluorescence staining with GFAP antibody (left panel). Glial cells were then treated 

with 5 μM Aβ1–42, 20 ng/mL tumor necrosis factor alpha (TNF-α), or 5 ng/mL interleukin 

(IL)-1β for 3 hours, and reverse transcription-polymerase chain reaction (RT-PCR) assay 

was performed to examine the expression of Cebpd mRNA (right panel). (C) U373MG and 

THP-1 cells were treated with 20 ng/mL TNF-α or 5 ng/ml IL-1β for 3 hours and Cebpd 
mRNA expression was examined by RT-PCR.
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Fig. 2. 
Identification of CEBPD regulated genes in U373MG cells. (A) U373MG cells stably 

transfected with zinc-inducible CEBPD expression vector were exposed to 100 μM ZnSO4 

for 8 hours and expression of HA-tagged CEBPD protein was analyzed by Western blotting 

(left panel). Clustering of microarray data from ribonucleic acid (RNA) of cells as shown in 

panel (A) identified significant gene expression clusters resulting from CEBPD 

overexpression (right panel). (B) Transcript levels of 11 differentially expressed genes, 

which code for membrane or secreted proteins, were assessed by reverse transcription-

polymerase chain reaction (RT-PCR) analysis. GAPDH served as the loading control. (C) 

U373MG cells were treated with 20 ng/mL tumor necrosis factor alpha (TNF-α) or 5 ng/ml 

interleukin (IL)-1β for 3 hours and RT-PCR of indicated genes was performed.
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Fig. 3. 
Conditioned medium from U373MG cells overexpressing CEBPD inhibits the phagocytosis 

of apoptotic SH-SY5Y cells or primary neurons by macrophages. (A) SH-SY5Y cells were 

labeled with PKH26 red fluorescent membrane tracer (upper panel). THP-1 macrophages 

were stained with F4/80 (green) (bottom panel). (B) The SH-SY5Y cells (labeled with 

PKH26 red fluorescence) were induced to undergo apoptosis by irradiation and were then 

incubated with activated macrophages (labeled with F4/80 green fluorescence). The upper 

panel shows an apoptotic cell phagocytosed by a macrophage. The lower panel shows an 

apoptotic cell attached to the cell membrane of a macrophage. The bright field panel 

represents the phase contrast image. (C) The apoptotic SH-SY5Y cells or (D) apoptotic 

primary neurons were added to adherent monocyte-derived macrophages incubated with 

control (−ZnSO4) or CEBPD overexpressing (+ZnSO4) conditioned media for 30 minutes. 

Phagocytosis was quantified by flow cytometric analysis of fluorescent particles. The 

phagocytosis ratio was calculated by dividing the number of stained cells by the total 

number of macrophages (mean ± SD, n = 3, * p < 0.05 by Student t test).
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Fig. 4. 
Overexpression of CEBPD increases PTX3 transcripts. (A) Primary glial cells were treated 

with 5 μM β-amyloid (Aβ)1–42, 20 ng/mL tumor necrosis factor alpha (TNF-α), or 5 ng/mL 

interleukin (IL)-1β for 3 hours, and reverse transcription-polymerase chain reaction (RT-

PCR) assay was performed to examine the expression of Ptx3 and Actin mRNAs. (B) 

U373MG and THP-1 cells were transiently transfected with the zinc-inducible CEBPD 

expression vector and then incubated in the presence or absence of 100 μM ZnSO4 in 

medium for 12 hours. RT-PCR assay was performed to examine the expression of CEBPD, 

PTX3, and GAPDH mRNAs. (C) U373MG cells were transiently transfected with 2 μg of 

control knockdown vector (siC) or 1 μg or 2 μg of CEBPD knockdown vector (siD) and then 

treated with 20 ng/mL TNF-α for 6 hours. RT-PCR assay was performed to examine the 
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expression of CEBPD, PTX3, and GAPDH mRNAs. C, nontransfected. (D) Ptx3 mRNA 

levels were assessed in wild type (WT) and Cebpd knockout (KO) MEFs by RT-PCR 

analysis. (E) The conditioned medium harvested from various U373MG stable clones 

bearing zinc-inducible HA/CEBPD expression vectors were analyzed by enzyme-linked 

immunosorbent assay (ELISA) to quantify PTX3 protein concentration. The fold induction 

over untreated cells is shown (mean ± SD, n =3). Western analysis of CEBPD expression is 

shown at the bottom.
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Fig. 5. 
CEBPD-binding motifs are important for CEBPD-induced PTX3 reporter activity. (A) 

Schematic representation of reporter constructs with the human PTX3 promoter (left panel). 

Numbers indicate the number of base pairs upstream (−) and downstream (+) of the PTX3 
translation start site. The approximate location of putative CEBPD-binding motifs (site 1–6) 

is indicated by open boxes. Luciferase activity from these reporter constructs in U373MG 

cells 12 hours after cotransfected with CEBPD expression or control vectors is shown on the 

right (mean ± SD, n = 3). (B) A dominant-negative CEBPD protein attenuates tumor 

necrosis factor alpha (TNF-α)- and interleukin (IL)-1β-activated PTX3 reporter activities. 

The PTX3 reporter, PTX3–473, was cotransfected with a dominant-negative CEBPD 

expression vector (DN-D) into U373MG cells. Lysates of the transfectants were harvested 

for luciferase assay 12 hours after transfection (mean ± SD, n = 3, ** p < 0.01 by Student t 
test). (C) CEBPD protein binds sites 1 and 5 with highest affinity. An electrophoretic 
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mobility shift assay was performed with 32P-labeled probes bearing the putative CEBPD 

motifs at sites 1–6 of the PTX3 promoter (see panel (A), in vitro-translated HA-CEBPD 

protein, and specific CEBPD antibodies as indicated. “NS” indicates a nonspecific binding 

complex, “S” indicates the specific CEBPD-DNA complex, and “SS” indicates the 

supershift with the CEBPD antibody. (D) Both sites 1 and 5 of the PTX3 promoter are 

important for regulation by CEBPD. Schematic representation of the PTX3 reporters with 

single or double mutations (dashed boxes) in CEBPD-binding sites (left panel) cotransfected 

with CEBPD into U373MG cells. Lysates were prepared 12 hours after transfection and 

assayed for luciferase activity (right panel) (mean ± SD, n = 3, ** p <0.01 by Student t test).
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Fig. 6. 
CEBPD binds to the PTX3 promoter in vivo. Chromatin immunoprecipitation (ChIP) assays 

were performed with THP-1 and U373MG cells treated for 3 hours with proinflammatory 

factors as indicated (20 ng/mL tumor necrosis factor alpha [TNF-α] or 5 ng/mL interleukin 

[IL]-1β). The schematic on the top indicates the location of the primers used for detection of 

the PTX3 promoter by polymerase chain reaction (PCR). The graph on the right shows the 

results obtained from 3 independent experiments.
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Fig. 7. 
PTX3 inhibits phagocytosis of apoptotic cells by macrophages and enhances the apoptosis 

of SH-SY5Y cells. (A) Recombinant PTX3 protein was incubated with differentiated THP-1 

cells, labeled in green by F4/80, and ulatraviolet (UV)-damaged dead SH-SY5Y cells, 

labeled in red by PKH-26. The phagocytosis of dead SH-SY5Y cells by macrophages was 

monitored by flow cytometry. The percentage of phagocytosed SH-SY5Y cells under each 

condition was expressed as the mean ± standard deviation from 3 independent experiments 

(mean ± SD, n = 3, * p < 0.05; ** p < 0.01 by Student t test). (B) Incubation with PTX3 

enhanced the accumulation of dying SH-SY5Y cells. Recombinant PTX3 protein as 

indicated was incubated with differentiated THP-1 cells and serum starvation-treated, dying 

SH-SY5Y cells, labeled in red by PKH-26. The amount of SH-SY5Y cell apoptosis was 

assessed by PI staining, followed by flow cytometry. Results from a representative 

experiment are shown in the left panel. The increase of apoptosis with PTX3 relative to 

controls without PTX3 is shown on the right (mean ± SD, n = 3).
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Table 1

CEBPD-responsive genes in U373MG cells

Function Up-regulated genes Down-regulated genes

Inflammation ID2, BCL2L11, CXCR4, CASP8, ITGA2, ALB, KITLG, 
ABCA1, EGR3, MMPI

FGF4, ABL1, ADAMTS13, THBS1, SYK, BCL2L1, 
AKT1, BAX, DTX1, SRF

Neurological disease ID2, BCL2L11, SLC1A1, CXCR4, CHRNA3, CASP8, 
ITGA2, GABRE, KITLG, MMP1, MAOB, BARHL1, 
MT1E, MT1F

CACNA2D2, CHRND, NFATC4, BCL2L1, ALK, 
GDNF, AKT1, CDK2, BAX, PTPRF

Cell death BMF, ID2, PDGFRA, SKI, BCL2L11, CXCR4, CEBPA, 
MMPIO, CASP8, MYC, ALB, KITLG, CEBPE, CA2, 
PRLR, EGR3, MMP1, MT1E, MMP3, MT1F

SERPINC1, CACNA2D2, ALDH1A2, FGF4, 
KRT18, IRF5, ANKS1B, RPS6KA5, THBS1, CTGF, 
STK11, SYK, BCL2L1, GDNF, ABCB1, AKTI, 
BAX, SRF

Hematological disease PDGFRA, BCL2L1I, CXCR4, ALDOA, CEBPA, 
CHRNA3, CASP8, MYC, ALB, KITLG, PTX3, CEBPE, 
ABCA1, PRLR, EGR3, MT1E, MT1F

SERPINC1, FGF4, ADAMTS13, IRF5CHRND, 
THBS1, CTGF, IL1RAP, SYK, HSD11B1, BCL2L1, 
GDNF, ABCB1, AKTI, BAX

Cellular growth and 
proliferation

BMF, ID2, PDGFRA, SKI, BCL2L11, CXCR4, CEBPA, 
TNFAIP6, CASP8, MYC, ALB, KITLG, PTX3, CEBPE, 
RGS2, PRLR, EGR3, MT1E, MMP3, MT1F

SERPINC1, CACNA2D2, ALDH1A2, FGF4, 
CD163, THBS1, CTGF, STK11, SYK, HSD11B1, 
BCL2L1, GDNF, ABCB1, AKTI, BAX, SRF

Others IL22RA1, CCL26, MARK1, LHX6, ETV1, ADAMTS5, 
S100A5, LRRK2, RHOU, ME1, APOL6, RGS16, 
IL1F7, NOX3, NPL, RIMS3, MT1M

SRI, RIMS1, APOF, ME3, SENP7, ABCBU, ETV7, 
ADAMDEC1, SEPT3, ADAM 11, AP0BEC3D, 
BZRAP1
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