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Abstract

Fucosylation, especially core fucosylation of N-glycans catalyzed by α1-6 fucosyltransferase 

(fucosyltransferase 8 or FUT8), plays an important role in regulating the peripheral immune 

system and inflammation. However, its role in microglial activation is poorly understood. Here we 

used human induced pluripotent stem cells-derived microglia (hiMG) as a model to study the role 

of FUT8-catalyzed core fucosylation in amyloid-β oligomer (AβO)-induced microglial activation, 

in view of its significant relevance to the pathogenesis of Alzheimer’s disease (AD). HiMG 

responded to AβO and lipopolysaccharides (LPS) with a pattern of pro-inflammatory activation as 

well as enhanced core fucosylation and FUT8 expression within 24 hours. Furthermore, we found 

increased FUT8 expression in both human AD brains and microglia isolated from 5xFAD mice, 

a model of AD-like cerebral amyloidosis. Inhibition of fucosylation in AβO-stimulated hiMG 

reduced the induction of pro-inflammatory cytokines, suppressed the activation of p38MAPK, 

and rectified phagocytic deficits. Specific inhibition of FUT8 by siRNA-mediated knockdown 

also reduced AβO-induced pro-inflammatory cytokines. We further showed that p53 binds to 

the two consensus binding sites in the Fut8 promoter, and that p53 knockdown abolished 

FUT8 overexpression in AβO-activated hiMG. Taken together, our evidence supports that FUT8-

catalyzed core fucosylation is a signaling pathway required for AβO-induced microglia activation 

and that FUT8 is a component of the p53 signaling cascade regulating microglial behavior. 

Because microglia are a key driver of AD pathogenesis, our results suggest that microglial FUT8 

could be an anti-inflammatory therapeutic target for AD.
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INTRODUCTION

Microglia represent the immune system of the mammalian brain and constantly survey their 

microenvironment to maintain brain homeostasis (Nimmerjahn, Kirchhoff, & Helmchen, 

2005). By orchestrating neuroinflammation, microglia play a pivotal role in the initiation 

and progression of Alzheimer’s disease (AD), the most common cause of dementia in 

elderly populations. A generally accepted hypothesis states that activated microglia release 

cytotoxic substances and pro-inflammatory cytokines that cause neuronal damage and 

aggravate Alzheimer’s disease pathology (Heneka et al., 2015). While multiple factors may 

cause microglial activation in AD, early studies have established that different species of 

Aβ aggregates are potent stimulants of microglia. Among them, we and others found that 

the small soluble Aβ oligomer (AβO) assembled from Aβ42 peptide provides far stronger 

stimulation to induce microglial activation (Maezawa et al., 2017; Maezawa, Zimin, Wulff, 

& Jin, 2011). Aβ aggregates are recognized by a range of microglial pattern recognition 

receptors to induce mainly pro-inflammatory responses that could mediate Aβ-induced 

neurotoxicity, impair phagocytic function, and prime microglia to enhance their sensitivity 

and reactivity to inflammatory stimuli (Leng & Edison, 2021). Understanding mechanisms 

of such activations could provide microglial targets for interventions to halt AD progression.

In the brain, over 70% of proteins and a large fraction of the lipids are glycosylated 

(Tena & Lebrilla, 2021). These common structure modifications are considered to mediate 

cell-cell communication via interacting with glycan-binding proteins or other signaling 

processes. Among brain glycans, sialylated and fucosylated ones are most abundant and 

dynamically regulated during brain development and maturation, suggesting their functional 

significance (Gaunitz, Tjernberg, & Schedin-Weiss, 2021; Lee et al., 2020). Sialic acid is 

the most abundant component in glycoconjugates and is well studied in the brain (Schnaar, 

Gerardy-Schahn, & Hildebrandt, 2014). It regulates microglia function and neuron-microglia 

interactions in part via being the ligand for siglecs, including siglec-3 (CD33) which is a risk 

factor for late-onset AD (Estus et al., 2019; Puigdellivol, Allendorf, & Brown, 2020). After 

sialic acid, L-fucose is the 2nd most abundant but much less studied. Accumulating evidence 
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from peripheral tissues indicates significant roles of protein fucosylation in development, 

leukocyte adhesion, gut microbiome maintenance, cancer metastasis, and many other 

physiological and pathological processes (Schneider, Al-Shareffi, & Haltiwanger, 2017). 

A small number of studies have shown that fucosylation affects processes involved in 

learning and memory, such as long-term potentiation, neurite outgrowth and migration, 

synapse formation, among others (Murrey et al., 2006; Schneider et al., 2017). However, 

how fucosylation affects microglial function or dysfunction in brain diseases is poorly 

understood, despite its known roles in peripheral immune regulation (Schneider et al., 2017).

In this study, we investigated the role of fucosylation, particularly FUT8-dependent core 

fucosylation, in AβO-induced activation of human microglia. In N-glycans, L-fucose is 

predominantly incorporated into oligosaccharides via α−1,6-linked to the innermost core 

N-acetylglucosamine residue as core fucose (Skurska et al., 2022). In mammals, FUT8 is 

the only α−1,6-fucosyltransferase that is uniquely responsible for core fucosylation (Ihara 

et al., 2007; Kotzler, Blank, Bantleon, Spillner, & Meyer, 2012; Yang & Wang, 2016). 

Our rationale is that core fucosylation of N-glycans plays important roles in regulating the 

peripheral immune system and inflammation (Kizuka et al., 2017; Ng et al., 2018) but 

its role in microglia-orchestrated neuroinflammation has been little studied. In addition, 

our meta-analysis of published large-scale transcriptomics data of AD brain samples from 

the Mount Sinai cohort (M. Wang et al., 2018) revealed a significant increase of Fut8 
transcript in the AD parahippocampal gyrus. To better model human microglial pathology, 

we employed human induced pluripotent stem cell (iPSC)-derived microglia (hiMG) as a 

major model rather than the widely used primary cultures from neonatal rodents, based on 

the insight that rodents are generally a better model for neuronal pathology than they are for 

microglial pathology (Penney, Ralvenius, & Tsai, 2019), and that for optimal translational 

validity, human microglia are recommended to be used to identify human-relevant molecular 

pathways and therapeutic targets (Smith & Dragunow, 2014).

METHODS

Human iPSC culture and microglia differentiation

Human iPSCs were obtained from ALSTEM.INC. (Richmond, CA). The line used in this 

study was Human iPS Cell Line 26 (Episomal, CD34+, ApoE3). Cells were plated onto 

Matrigel (Fisher) coated plates and cultured with mTeSR plus (Stemcell Technology). For 

microglia differentiation, we followed the a previously published protocol (Haenseler et al., 

2017). Briefly, 2 x 106 iPSCs were plated onto Aggrewell 800 plates (Stemcell Technology) 

to form embryoid bodies (EBs) in mTeSR1 supplemented with Bone Morphogenetic Protein 

4 (BMP4, 50 ng/ml)/Vascular Endothelial Cell Growth Factor (VEGF, 50 ng/ml)/ Stem 

Cell Factor (SCF, 20 ng/ml) and culture for four days with daily medium change. On 

the fifth day, EBs were plated onto gelatin coated 6-well plates with 20 EBs per well 

in X-VIVO15 (Lonza) supplemented with M-CSF (100ng/ml), IL-3 (25ng/ml), Glutamax 

(2mM), Penicillin/streptomycin (100U/ml and 100ug/ml) and β-mercaptoethanol (55uM), 

and the medium was changed weekly. After 3-4 weeks, floating primitive macrophage 

precursor (PMP) were collected and plated onto 12-well plates (5 x 104 cells/well), 6-well 

plates (3 x 105 cells/well), or 100 mm dishes (1.5 x 106 cells) and differentiated in microglia 
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differentiation medium (Advanced DMEM/F12 supplemented with IL-34 (100ng/ml), GM-

CSF (10ng/ml), N2 supplement (1x), Glutamax (2mM), Penicillin/streptomycin (100U/ml 

and 100ug/ml) and β-mercaptoethanol (55uM)) for two weeks.

Aβ oligomer (AβO) preparation and treatment

AβO composed of Aβ1-42 peptide was prepared following a standard procedure (Lambert 

et al., 1998) with a modification that the HFIP treated Aβ1-42 peptide (Bachem) was 

dissolved in DMSO and then diluted with Advanced DMEM/F12 culture medium instead 

of the F12 medium originally described, followed by incubation at 4°C for 24 h and 

10 min centrifugation at 10,000 x rpm at 4°C. This preparation of AβO has been 

extensively characterized in our laboratory (Maezawa et al., 2011). Briefly, to ensure 

consistency of quality, a random sample from each batch was chosen and imaged using 

electron microscopy and atomic force microscopy to characterize the size and shape of the 

aggregates. The biological activities of each batch were confirmed by determining for AβO 

the neurotoxic activity, synaptic binding activity, and ability to rapidly induce exocytosis 

of MTT formazan, as described previously (Maezawa et al., 2011, Hong et al., 2007). 

For all microglial activation experiments, AβO was administered at 3 μM in the medium. 

For the application of fucosylation inhibitors, microglia were pre-incubated with 250 μM 

2-Fluorofucose (SynChem Inc) or 50 μM 6-Alkynyl-Fucose (Fisher) for 1 hr before the 

addition of AβO.

SiRNA-mediated gene knockdown

To knockdown Fut8 and p53, cells were transfected with small interference RNAs (siRNAs) 

using HiPerFect transfection reagent (Qiagen) according to the manufacturer's instructions. 

SiRNA to human Fut8 and p53 sequences were purchased from Qiagen (Fut8:GS2530 and 

p53:GS7157). As a transfection control, All Stars Negative Control siRNA (Qiagen) was 

used. Gene knockdown was confirmed by qPCR. For AβO activation after gene knockdown, 

at 24 hrs after transfection, AβO was added without changing the medium and cells were 

further cultured for 24 hrs.

qPCR

Total RNA from cultured cells and brain tissues were extracted using RNeasy Plus Mini Kit 

and RNeasy Plus Universal Mini kit (Qiagen), respectively. cDNA was synthesized using 

100 ng RNA and iScript Reverse Transcription Supermix (BioRad). Quantitative real-time 

polymerase chain reaction (qPCR) was performed using SsoFast™ EvaGreen Supermix and 

CFX96 qPCR system (BioRad). The forward/reverse primer sequences used are listed in 

Table 1. Gene expression was normalized to an endogenous gene, β-actin. Relative cDNA 

levels for the target genes were analyzed by the 2−ΔΔCt method.

Microglia isolation from mouse brains

Microglia were acutely isolated from adult mouse brains as described (Jin et al., 2019). 

Briefly, brains were dissociated enzymatically with a Neural Tissue Dissociation Kit 

(Miltenyi Biotec). Microglia were subsequently purified by the magnetic-activated cell 

sorting (MACS) using anti-CD11b magnetic beads (Miltenyi Biotec). Total RNA from 
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acutely isolated microglia was extracted using RNeasy Plus Mini Kit (Qiagen), reverse-

transcribed and pre-amplified with Ovation PicoSL WTA System V2 kit (NuGen, San 

Carlos, CA) and analyzed by qPCR.

Fluorescent detection of fucosylation

After AβO treatment, cells were fixed with 4% paraformaldehyde in PBS (10 mM 

NaH2PO4, 150 mM NaCl, pH7.4). For flow cytometry analysis, cells were incubated with 

PBS with 0.1% Tween20 (PBS-T) for 30 min and then incubated with AAL-FL (1:300, 

Vector Lab) or LCA-FL (1:300, Vector Lab) for 30min at room temperature. After washing 

with PBS, cells were gentry scraped in PBS and analyzed by flow cytometry using a BD 

Accuri™ C6 Plus flow cytometer (BD Biosciences). For visualization of lectin staining, 

fixed cells were incubated with PBS-T (for LCA) or 3% BSA in PBS-T (for PhoSL) for 1 hr 

and then incubated with LCA-FL (1:1000) in PBS or Afuc PhoSL-mlgG2c (1:1000, Antagen 

Biosciences) in 1%BSA in PBS overnight at 4°C. (Afuc PhoSL-mlgG2c is a fusion protein 

of PhoSL with mIgG2c Fc devoid of any fucose in its glycan which has been shown to have 

considerably enhanced binding specificity to core fucosylation.) For PhoSL staining, cells 

were further incubated with anti-mouse Alexa488 conjugated secondary antibody (1:1,000, 

Invitrogen) for 1 hr. After washing, cells were incubated with Hoechst33342 (5 μg/ml) 

for 20 min. Fluorescence images were taken by ImageXpress Pico (Molecular Devices). 

Fluorescence intensity and cell number were quantified by ImageJ program.

ELISA quantification

ELISA quantification of cytokines were conducted as previously described (Maezawa et 

al., 2011). Briefly, conditioned medium was collected and centrifuged at 10k x rpm, 5min 

to remove cell debris. Supernatants were stored at −20° until use. Concentrations of IL-1ß 

and TNF-α were measured using the Quantikine sandwich ELISA kit (R&D systems, 

Minneapolis, MN).

Western blot and lectin blot

Cells were lysed in cell lysis buffer (140 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM 

EDTA, 0.5 mM EGTA, 1% Tx100, 0.1% SDS, 0.1% Sodium Deoxycholate) with protease 

inhibitor cocktail and phosphatase inhibitor (Sigma). Equivalent amounts of protein (15 

μg for western blot and 5 μg for lectin blot) were analyzed by 4–20% Tris-Glycin gel 

electrophoresis (Invitrogen). Proteins were transferred to PVDF membranes and probed with 

antibodies or lectins. Visualization was enabled using enhanced chemiluminescence (GE 

Healthcare Pharmacia). The following primary antibodies and lectins (dilutions) were used: 

anti-Fut8 (1:1000, Abcam), anti-p53 (1:1000, Cell Signaling), anti-phosphor-p38MAPK 

(1:1000, Cell Signaling), anti-p38MAPK (1:1000, Cell Signaling), anti-β-actin (1:2000, 

Cell Signaling), AAL-HRP conjugated (1:10,000, Vector Lab), LCA-biotinylated (1:10,000, 

Vector Lab), and PhoSL (1:10,000, Antagen Biosciences). Secondary antibodies for western 

blotting were HRP-conjugated anti-rabbit or anti-mouse antibodies (1:1000, Cell Signaling). 

Secondary reagents for lectin blotting were HRP conjugated Streptavidin (1:10,000, Vector 

Lab) and anti-mouse antibody (1:10,000, Cell Signaling).
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Chromatin immunoprecipitation (ChIP)

Cells (2 x 106 cells/100 mm dish) were treated with AβO (3 μM) for 24 hrs and the 

ChIP assay was performed using Pierce Agarose ChIP Kit (Fisher Scientific) combined 

with a ChIP validated antibody called ChIPAb+ p53 (Millipore Sigma) according to the 

manufacture’s instruction. PCR was performed using Platinum™ Hot Start PCR Master 

Mix (Fisher) and analyzed by electrophoresis in 1.5% agarose gel. Primers for specific 

p53 binding sites in human FUT8 promotor were synthesized according to the published 

sequences (Okagawa et al., 2016).

Phagocytosis assay

HiMG (7 x 104/well in 12-well plates) were treated with AβO (3 μM) with and without 

2FF. Twenty-four hrs later, cells were incubated with pHrodo Green BioParticles (5 μg/ml, 

Invitrogen) or Aβ1-42 monomer-FITC conjugated (500 nM, Bachem) for 1hr. Cells were 

then washed three times, 5 min each, with PBS. For cells being tested for phagocytosis 

of Aβ1-42 monomer-FITC conjugated, they were further incubated with 0.4% Trypan blue 

for 1min to quench surface-bound Aβ. The cells were then analyzed by flow cytometry 

and/or cell imaging. For flow cytometry, cells were gently scraped with 1% BSA in PBS 

and analyzed by a BD Accuri C6 plus flow cytometer (BD Biosciences). For cell imaging, 

cells were fixed with 4% paraformaldehyde for 20 min, and fluorescence or phase contrast 

images were taken by a ImageXpress Pico scanner (Molecular Devices) or a fluorescence 

microscope (Nikon).

In some experiments, cells were further stained with Iba1 antibody (1:700, Biocare Medical) 

followed by anti-rabbit Alexa594 conjugated (1:1000, Invitrogen). Fluorescence intensity 

was quantified by ImageJ and bright images were used for counting the number of cells.

Mice.—Tg6799 5xFAD [B6SJL-Tg(APPSxFILon,PSEN1*M146L*L286V)6799Vas/

Mmjax] mice on the C57Bl/6 background were originally obtained from Dr. Robert Vassar, 

Ph.D., Northwestern University. Roughly equal numbers of male and female mice were 

used. All protocols involving mouse models were approved by the Institutional Animal Care 

and Use Committee.

Human brain samples

All tissues were collected and provided by the University of California Davis Alzheimer’s 

Disease Research Center (P30 AG072972). Written informed consent, including consent 

for autopsy, was obtained from study participants or, for those with substantial cognitive 

impairment, a caregiver, legal guardian or other proxy. Study protocols were reviewed 

and approved by the Institutional Review Board (IRB). For postmortem diagTwlnosis, 

we followed the National Institute on Aging-Alzheimer’s Association guideline for the 

neuropathologic assessment of AD. The brain tissues used for the current study were 

snap frozen during autopsy and was stored in −80°C before use. RNA samples from the 

middle temporal cortex of 12 AD (7 males and 5 females) and 12 control cognitively 

normal subjects (6 males and 6 females) were used. The average age of the AD group was 

78.8 ± 3.4 years and that of the control group 84.3 ± 2.5 years. All AD subjects had a 
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neurofibrillary pathology stage of 6 and the control subjects had a neurofibrillary pathology 

stage of ≤ 2 (Alafuzoff et al., 2008).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software. All data are presented 

as means ± s.e.m. Comparison of the mean values was performed using unpaired Student’s 

two-tailed t-test, on-way ANOVA, or two-way ANOVA with Tukey’s post hoc test. Exact 

sample sizes and statistical test used for each comparison were provided in corresponding 

figure legends. P < 0.05 was considered to be statistically significant.

RESULTS

Activation of human iPSC-derived microglia by AβO is associated with enhanced core 
fucosylation

To study AD-related mechanisms in human microglia, we followed a standard protocol 

(Haenseler et al., 2017) to differentiate a human iPS cell line into microglia-like cells 

(Fig. 1). To confirm the differentiation, gene expression of mature microglia markers, 

C1q, P2ry12, Tmem119, and Trem2, was analyzed by qPCR. The levels of all these 

markers were significantly increased compared to original iPS cells, with the exception of 

Tmem119, which were also increased compared to primitive macrophage precursor (PMP) 

cells. Immunostaining showed the reactivities to PU.1, a major regulator of microglial 

gene expression (Rustenhoven et al., 2016), and Iba1, a well-established microglial 

marker, further supporting microglial differentiation. To assess their functional responses 

to inflammatory stimuli, microglia were treated with LPS or AβO and the expressions of 

pro-inflammatory cytokines were analyzed. In a dose-response study (Supplementary Fig. 

1), we found that HiMG responded to AβO in a dose-dependent manner and chose AβO 

containing 3 μM Aβ1-42 peptide (designated as 3 μM AβO) as the optimal concentration for 

subsequent experiments. Both LPS (100 ng/ml) and AβO (3 μM) significantly increased 

the expression of pro-inflammatory cytokines IL-1β, TNF-α and IL-6. Phase contrast 

images showed activated microglia morphology with reduced ramifications and transition 

to ameboid morphology (Fig. 1).

To assess if hiMG activation is accompanied by enhanced fucosylation of glycoconjugates, 

we conducted flow cytometry studies using the lectin Aleuria Auratia Lectin (AAL) 

which recognizes α−1,6 core fucosylation and also α−1,2 and α−1,3 terminal fucosylation 

(Olausson, Tibell, Jonsson, & Pahlsson, 2008; Romano et al., 2011). Both LPS and AβO 

treatments increased fucosylation to comparable degrees (Fig. 2A). Using AβO-stimulated 

hiMG as an example, the enhanced AAL-binding was further illustrated by fluorescence 

microscopy (Fig. 2B) and lectin blot (Fig. 2C).

Due to our interest in AD, we subsequently focused on AβO-treated iMG. Also we 

further used two lectins specific to core fucosylation, the predominant form of L-fucose 

modifications in glycoconjugates. Lens culinaris agglutinin (LCA) recognizes only bi-

antennary N-glycans with a core fucose (Tateno, Nakamura-Tsuruta, & Hirabayashi, 2009), 

and P. squarrosa lectin (PhoSL) was reported to recognize core fucose even more specific 
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than LCA (Kobayashi et al., 2012). The two lectins recognized different and overlapping 

sets of fucosylated glycoconjugates in lectin blots, and the reactivities of both were 

enhanced in AβO-treated microglia (Fig. 2D). The increase in core fucosylation was further 

confirmed by quantification of fluorescence intensity under microscopy (Fig. 2E)

FUT8 expression is upregulated in AβO-stimulated hiMG and in human AD and 5xFAD 
mouse brains

FUT8 is the only α−1,6-fucosyltransferase expressed in mammals that is uniquely 

responsible for the core fucosylation of N-glycoproteins (Ihara et al., 2007; Kotzler 

et al., 2012; Yang & Wang, 2016). Interestingly, our meta-analysis of the large-scale 

transcriptomic data deposited by the Mount Sinai Brain Bank (MSBB) study (M. Wang 

et al., 2018) showed that Fut8 is one of the most abundant fucosyltransferase transcripts 

in the human brain and is upregulated in the parahippocampal gyrus (p = 0.041). We 

confirmed this change by qPCR on an independent set of middle temporal cortex samples 

obtained from the University of California Davis Alzheimer’s Disease Research Center and 

found a ~1.8 fold upregulation of Fut8 transcript in AD subjects compared to age-matched 

cognitively normal control subjects (Fig. 3A). We therefore asked whether AβO-induced 

core fucosylation in HiMG was related to increased FUT8 protein level. Western blotting 

showed a ~1.5 fold increase in FUT8 protein level in AβO-treated iMG (Fig. 3B). To 

evaluate if this upregulation is also observed ex vivo, we isolated microglia from the 

forebrain of 5xFAD mice, which harbor five familial mutations of APP and PSEN1 genes 

and show robust Aβ production and Aβ-associated neuroinflammation (Oakley et al., 2006). 

Soluble AβO made of Aβ42 is a major species of Aβ aggregates in 5xFAD mice (Hong 

et al., 2010), which can stimulates microglia (Jin et al., 2019). Due to the limited quantity 

of microglial material isolated from each mouse, we were only able to conduct qPCR 

evaluation of the transcript level, which showed a ~2.8 fold increase in Fut8 in 5xFAD 

microglia (Fig. 3C). By comparison, total forebrain transcript levels of FUT8 were not 

different between 5xFAD and WT mice, although the protein levels showed a ~1.5 fold 

increase in 5xFAD mice (Fig. 3D). These results suggest an amyloid Aβ-related increase in 

FUT8 expression in AD brain tissue, and this increase is accentuated in microglia.

Inhibition of fucosylation dampens AβO-induced hiMG activation and normalizes 
phagocytotic capacity

To determine the role of fucosylation, in particular core fucosylation, in AβO-induced iMG 

activation, we used a widely used fucosylation inhibitor called 2-fluoro-fucose (2FF) and 

in some experiments also used 6-alkynyl-fucose (6AF). 2FF is a peracetylated derivative 

of L-fucose that can be converted to its corresponding nucleotide sugars, guanosine 

diphosphate (GDP)-2-deoxy-2-fluoro-L-Fucose, thus competing with and suppressing GDP-

L-fucose, the natural substrate of fucosyltransferases. 2FF particularly suppresses core 

fucosylation (Rillahan et al., 2012). 6AF is a specific and potent inhibitor of GDP-4-keto-6-

deoxymannose 3,5-epimerase (FX) (Kizuka et al., 2017) that catalyzes the last step of the 

de novo pathway for GDP-fucose production. Their effects on hiMG core fucosylation were 

confirmed as the reactivities of LCA and PhoSL in AβO-treated iMG were reduced in cells 

co-treated with 2FF or 6AF (Fig. 2D and 2E). Flow cytometry studies further confirmed 

that 2FF reduced AAL and LCA reactivities in AβO-treated hiMG (Fig. 4A). As expected, 
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2FF and 6AF had no impact on the FUT8 protein level (Fig. 4B), indicating that their 

effects were not mediated by FUT8 downregulation. As a negative control, 2,4,7,8,9-Penta-

O-acetyl-N-acetyl-3-fluoro-b-D-neuraminic acid methyl ester (3FS), a sialylation inhibitor 

(Zhou, Xie, Lam, & Lebrilla, 2021), did not reduce fucosylation (Fig. 4A).

We examined whether fucosylation is required for several aspects of AβO-induced hiMG 

activation. AβO-stimulated increased expression of pro-inflammatory cytokines IL-1β and 

TNF-α was significantly reduced by 2FF and 6AF co-treatment, at both transcript (Fig. 

4C) and protein levels (Fig. 4D). One of signaling events involved in microglial activation 

is sustained p38MAPK phosphorylation (Bachstetter et al., 2011). We found that the 

sustenance of p38MAPK phosphorylation was abolished when AβO-stimulated hiMG were 

co-treated with 2FF, despite the presence of an initial response at 10 min (Fig. 4E). The 

other major function of microglia is phagocytosis. We found that AβO impaired this 

function of hiMG, tested by their ability to phagocytose fluorescent BioParticles (Kapellos 

et al., 2016). Co-treatment with 2FF rectified this deficit, as quantified by flow cytometry 

(Fig. 5A) or fluorescent microimaging using an automated scanner (Fig. 5B and 5C). We 

also tested the ability of hiMG to phagocytose FITC-labeled Aβ monomer and showed a 

similar result (Fig. 5D and 5E)

As fucosylation inhibitors inhibit core fucosylation as well as other fucosylations on 

glycan antennae, such as α1-3 or α1-4 linkage to N-acetylglucosamine or α1-2 linkage 

to galactose, we employed siRNA-mediated Fut8 gene knockdown to more specifically 

examine the role of FUT8-catalyzed core fucosylation. We tested four FUT8 siRNAs and 

selected two most effective ones, #5 and #8, which induces Fut8 knockdown to 50% and 

17% of the control siRNA level, respectively (Fig. 6A). Both siRNAs substantially reduced 

the transcripts of IL-1β, IL-6, and TNFα to levels comparable to the non-AβO control group 

(Fig. 6B). The lack of differential cytokine reduction by two siRNAs with different Fut8 
knockdown potencies suggest that partial inhibition of core fucosylation may be sufficient 

for full-scale inhibition of AβO-induced cytokine responses.

P53 drives FUT8 overexpression in AβO-activated hiMG

FUT8 was identified as a direct transcriptional target of p53 in hepatocellular carcinoma 

cells (Okagawa et al., 2016). However, such a mechanism has not been established in other 

cell types. Because p53 influences microglial behavior via supporting the adoption of a 

proinflammatory phenotype (Jayadev et al., 2011), we asked whether FUT8 upregulation in 

AβO-activated hiMG is mediated by p53. Immunoblotting showed a ~1.65 fold increase 

in p53 protein level following AβO treatment, indicating an association with FUT8 

upregulation (Fig. 3B, 4B). Two siRNAs were used to induce p53 knockdown to 40% and 

45% of the control level, respectively (Fig. 7A). The expected impact of p53 knockdown 

on microglial pro-inflammatory responses was confirmed by the suppression AβO-induced 

TNF-α and IL-1β expression (Fig. 7B). Both siRNAs also abolished AβO-induced FUT8 

over-expression (Fig. 7C), indicating that FUT8 overexpression is downstream of p53. To 

test if p53 directly interacts with Fut8 gene promoter in hiMG, we conducted chromatin 

immunoprecipitation (ChIP) assays to evaluate whether p53 binds to the two conserved p53 

binding DNA sequences (BS1 and BS2) within 2 kb upstream of the human FUT8 promoter 
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(Okagawa et al., 2016). AβO-treated iMG showed enhanced binding of p53 to both BS1 and 

BS2 while control-treated iMG showed minimal binding (Fig. 7D). This pattern is similar to 

that of p53 binding to a promoter sequence of p21/waf1, encoding a cyclin-dependent kinase 

inhibitor protein which is an established downstream effector of p53 (Kumari & Jat, 2021; 

Saramaki, Banwell, Campbell, & Carlberg, 2006). Taken together, the results suggest that 

FUT8-mediated core fucosylation is downstream to and instrumental in the p53-orchestrated 

mechanisms to support AβO-induced proinflammatory phenotype of microglia (Aloi, Su, & 

Garden, 2015).

DISCUSSION

There is a dearth of knowledge about the role of protein fucosylation in microglial 

activation, despite its known significant roles in immune regulation and inflammation in 

peripheral systems. Furthermore, available data regarding the activation signaling pathways 

using human microglia models are quite limited as a large majority of prior studies were 

conducted using rodent microglia. We therefore investigated core fucosylation in AβO-

activated human iPSC-derived microglia and found that such an activation is associated 

with increased α1, 6 core fucosylation, as well as upregulations of FUT8 and p53. Our 

evidence supports a mechanism in which p53 upregulates FUT8 and subsequently, as 

expected, FUT8 is responsible for increased core fucosylation. Furthermore, we showed that 

FUT8-catalyzed core fucosylation is required for AβO-induced hiMG activation. Because 

microglia-orchestrated neuroinflammation is a key driver of AD pathogenesis, our results 

suggest that microglial FUT8 could be an anti-inflammatory therapeutic target for AD.

The only article we are aware of investigating the role of FUT8 in microglia activation is by 

Lu et al., who reported that Fut8-knockout mouse BV2 microglia cell line showed enhanced 

pro-inflammatory response following LPS stimulation, and concluded that core fucosylation 

negatively regulates the states of neuroinflammation by modulating the sensitivity of 

microglia to inflammatory mediators (Lu et al., 2019). Apparently, this notion cannot be 

generalized to human microglia stimulated by AβO, as we found that Fut8 knockdown 

diminished the pro-inflammatory response to AβO. While this discrepancy may reflect 

interspecies and model differences, we consider that BV2 is not an optimal model to 

study FUT8-mediated microglia responses. This is because, in addition to the well-known 

limitations of BV2 (Stansley, Post, & Hensley, 2012), FUT8 is a critical component of 

growth and progression of multiple cancers (Bastian, Scott, Elliott, & Munkley, 2021), 

making it difficult to use a rapidly growing tumor-like cell line such as BV2 to parse 

out impacts of FUT8 on proinflammatory response per se. This is particularly so when 

no pro-inflammatory cytokine data were reported as a part of confirmatory evaluation by 

Lu et al (Lu et al., 2019). In this regard, we consider that human iPSC-derived microglia 

would provide a model with stronger validity and human relevance. Lu et al. also reported 

increases in basal and LPS-stimulated microglia count in Fut8−/− mouse brain. While 

interesting, these increases may reflect broader complex brain and systemic pathological 

environments and do not directly reflect the microglial inherent FUT8-regulated properties 

relevant to pro-inflammatory responses. Fut8−/− mice manifest early death during postnatal 

development (30% surviving 3 days after birth and few surviving over 1 month), with 

survivors showing severe growth retardation and emphysema-like changes in the lung 
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(Wang et al., 2006). Behavioral phenotyping of 2.5-3.5 months old Fut8−/− mice on a 

different genetic background to support slightly better survival showed multiple behavioral 

abnormalities consistent with a schizophrenia-like phenotype (Fukuda et al., 2011). While 

these studies support a critical role of FUT8 in lung and brain development, future studies 

using microglia-targeted conditional knockout approaches would be needed to parse out 

how FUT8 affects the inherent immunometabolic properties of microglia and microglia-

orchestrated neuroinflammation in the mature brain.

Our results provide rationales to further investigate specific FUT8-downstream molecular 

pathways via which core fucosylation regulates microglial activation. Based on available 

data from non-microglia cells, core fucosylation may affect a few key signaling molecules 

involved in microglia activation. A possible pathway involves core fucosylation of the 

receptor for transforming growth factor-β (TGF-β), which is a key regulator of microglial 

maturation, homeostasis and activation (Spittau, Dokalis, & Prinz, 2020). Fut8−/− mice 

showed substantially dysregulated TGF-β signaling in the lung and fibroblasts, manifested 

by disrupted extracellular matrix homeostasis and a significantly high level of matrix 

metalloproteinase expression (X. Wang et al., 2005). In contrast, FUT8 overexpression 

to increase core fucosylation of TGF-β receptor complexes enhanced TGF-β signaling in 

breast cancer cells, promoting cancer invasion and metastasis (Tu, Wu, Lin, Kannagi, & 

Yang, 2017). Other possible mechanisms include the role of core fucosylation in α3β1 

Integrin function (Zhao et al., 2006) or epidermal growth factor receptor (EGFR) signaling 

(X. Wang et al., 2006), both of which may affect microglial migration and activation. Thus, 

core fucosylation in microglia may regulate multiple signaling pathways that regulate key 

aspects of microglial function, including their interactions with other neural cells and their 

migration.

P53 has been identified as a master transcriptional regulator of microglial behavior (Aloi 

et al., 2015; Sullivan, Galbraith, Andrysik, & Espinosa, 2018). Mouse studies showed that 

p53 activity supports the adoption of a proinflammatory phenotype, while p53 deficiency 

promotes phagocytosis and gene expression associated with alternative activation and anti-

inflammatory functions (Jayadev et al., 2011). Multiple lines of evidence have associated 

p53 upregulation/activity, including that in microglia, with the pathogenesis of AD (Hooper 

et al., 2007; Kitamura et al., 1997; Li, Zi, Hou, & Tu, 2017; Tan, Wang, Song, & Jia, 

2012). Our data is consistent with all above notions. We further identified that FUT8 is a 

novel target gene for p53 in human microglia. AβO-induced FUT8 expression is dependent 

on p53 activity, and, following AβO stimulation, p53 directly binds to two FUT8 gene 

promoter sites identified by their high homology to p53-DNA consensus binding sequence. 

Also consistent with the p53-activated proinflammatory activation pattern is the observation 

that phagcytotic activity was suppressed by AβO, which would compromise the microglia-

mediated clearance mechanisms critical for brain homeostasis. We found that this negative 

regulation could be rectified by inhibition of core fucosylation, suggesting a role of FUT8 

in mediating p53-orchestrated regulation of phagocytosis. Taken together, our data reveal a 

new insight that FUT8-catalyzed core fucosylation is a key component of the p53 signaling 

network in microglia.
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While this study has focused on microglia which indeed show accentuated upregulation 

of FUT8, it is noteworthy that FUT8 expression is upregulated in human AD and 5xFAD 

brains, not limited to microglia. Therefore, FUT8 and its resulting core fucosylation may 

play a broader role in AD pathogenesis in addition to microglia activation. Our data warrant 

further comprehensive studies of the roles of abnormal core fucosylation in AD to include 

neurons, astrocytes, and neuron-glia interaction.
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Main points

Amyloid-β oligomer-induced activation of human microglia, a pathogenic process in 

Alzheimer’s disease, requires FUT8-catalyzed α1-6 core fucosylation of N-glycans. 

FUT8 is a component of the p53 signaling cascade regulating microglial behavior.
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Figure 1. 
Validation of hiMG. (A) Diagram depicting the major steps and time course of the 

microglial differentiation protocol. (B) Differentiated microglia show enhanced expression 

of mature microglia markers. Shown are qPCR data with the values of the iPSC group set 

as 1. N = 7-10; *p<0.05, **p<0.01, ***p<0.001; one-way ANOVA with Tukey’s post hoc 
test. (C) Representative immunofluorescence micrographs of differentiated microglia stained 

with Iba1 (green) and PU.1 (red), and counterstained with DAPI (blue). (D) Differentiated 

microglia respond to LPS (100 ng/ml, n = 4, 24 hrs) and AβO (3 μM, n = 7-8, 24 hrs) 

with increased pro-inflammatory cytokine expressions. The increase is expressed in fold 

change normalized to the control group, the value of which is set as 1. *p<0.05, **p<0.01, 

***p<0.001; Student’s t-test. (E) The activation morphological changes following LPS and 

AβO stimulation of hiMG. All error bars indicate s.e.m.. For qPCR values comparisons, 

increases are expressed in fold changes normalized to the control groups with values set as 

1.
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Figure 2. 
AβO-activated hiMG show enhanced fucosylation, particularly core fucosylation. (A) Flow 

cytometry shows enhanced AAL-Fluorescein binding following LPS (100 ng/ml) and AβO 

(3 μM) stimulation for 24 hrs. Shown are representative traces and a bar graph summarizing 

fluorescence intensities from three independent experiments. Increases are expressed in fold 

changes normalized to the control group with the mean value set as 1. (B) Representative 

fluorescence images of AAL staining and a bar graph summarizing the fluorescence 

intensities of cells in 8 randomly selected fields per group from 6 independent experiments. 

***p<0.001; Student’s t-test. (C) Representative lectin blot with AAL. (D-F) AβO treatment 

enhances the binding of core fucosylation-specific lectins LCA and PhoSL, which is reduced 

by fucosylation inhibitors 2FF and 6AF. Representative lectin blots are shown in D and 

fluorescence images in E. F shows bar graphs summarizing fluorescence intensities of cells 

from 5 randomly selected fields in three independent experiments, ***p<0.001, one-way 

ANOVA with Tukey’s post hoc test. All error bars indicate s.e.m..
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Figure 3. 
FUT8 expression in AD samples and models. (A) Quantitative PCR shows that the transcript 

level of Fut8 is increased (*p<0.05, Student’s t-test) in the middle temporal cortex of 

human AD brains (n = 12) compared to age-matched, cognitively normal controls (n = 

12). (B) AβO-activated hiMG show increased protein level of FUT8 and p53. Shown 

are representative Western blots and bar graphs summarizing band intensities from 5 (for 

FUT8) and 4 (for p53) independent experiments. *p<0.05, ***p<0.001; Student’s t-test. 

(C) Quantitative PCR shows that the transcript level of Fut8 is increased in microglia 

isolated from 12-months-old 5xFAD mice compared to those from age-matched wild-type 

mice. N = 10 mice per group, ***p<0.001; Student’s t-test. (D) Western blotting shows 

increased FUT8 protein level in 5xFAD mice. Shown are a representative blot and a bar 

graph summarizing band intensities. N = 8 mice per group, *p<0.05; Student’s t-test. All 

error bars indicate s.e.m.. For quantitative comparisons, value changes are expressed as fold 

changes normalized to the control groups with values set as 1.
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Figure 4. 
Inhibition of fucosylation dampens AβO-induced hiMG activation. (A) Flow cytometry 

shows that the fucosylation inhibitor 2FF, but not the sialylation inhibitor 3FS, reduces AAL 

and LCA binding. AAL: n=4-6, LCA: n=3-5; **p<0.01, ***p<0.001; one-way ANOVA 

with Tukey’s post hoc test. (B) Western blotting shows that inhibition of fucosylation by 2FF 

and 6AF does not affect FUT8 and p53 protein expression. (C-D) Fucosylation inhibitors 

reduce AβO-induced pro-inflammatory cytokine production, shown by qPCR (C, n = 4) 

and ELISA (D, n = 6); *p<0.05, **p<0.01, ***p<0.001; one-way ANOVA with Tukey’s 

post hoc test. (E) Western blotting shows that phosphorylation of p38MAPK induced by 

AβO treatment is not sustained beyond 10-30 minutes post-treatment when fucosylation 

is inhibited by 2FF. The right panel shows quantification results from three independent 

experiments. The band intensity of phospho-p38MAPK induced by AβO treatment at the 

time post-treatment was normalized by that of total p38MAPK and the value was presented 

as fold changes relative to the value at 0 min, with or without 2FF. *p<0.05; Student’s t-test 

compared to 0 min at each time point. All error bars indicate s.e.m.. For all quantitative 

comparisons, value changes are expressed as fold changes normalized to the control groups 

with values set as 1.
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Figure 5. 
AβO impairs hiMG phagocytotic capacity, which is rescued by inhibition of fucosylation. 

(A) Phagocytosis of pHrodo Green BioParticles analyzed by flow cytometry. N = 

3; ***p<0.001; one-way ANOVA with Tukey’s post hoc test. (B-C) Phagocytosis 

of BioParticles visualized by fluorescence microscopy. Green: BioParticles; red: Iba1. 

Shown are representative fluorescence images (B) and a bar graph (C) summarizing the 

fluorescence intensities of cells in 9 randomly selected fields from three independent 

experiments; **p<0.01, ***p<0.001; one-way ANOVA with Tukey’s post hoc test. (D-E) 

Phagocytosis of FITC-labeled Aβ peptide. Shown are representative combined fluorescence/

brightfield images (D) and a bar graph (E) summarizing the fluorescence intensities of cells 

in 6 randomly selected fields from three independent experiments; ***p<0.001; one-way 

ANOVA with Tukey’s post hoc test. All error bars indicate s.e.m..
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Figure 6. 
Fut8 knockdown diminishes AβO-induced increases in pro-inflammatory cytokines. (A) The 

degrees of knockdown by two siRNAs shown by qPCR in four independent tests; *p<0.05, 

***p<0.001; one-way ANOVA with Tukey’s post hoc test. (B) Il1b, Il6, and tnfa transcripts 

quantified by qPCR following Fut8 knockdown. N = 5-8, ***p<0.001; one-way ANOVA 

with Tukey’s post hoc test. All error bars indicate s.e.m.. For quantitative comparisons, value 

changes are expressed as fold changes normalized to the control groups with values set as 1.
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Figure 7. 
P53 drives FUT expression in AβO-activated hiMG. (A) The degrees of p53 knockdown 

by two siRNAs shown by qPCR in four independent tests; (B) Il1b and tnfa transcripts 

quantified by qPCR following p53 knockdown. (C) Representative Western blot showing 

FUT8 down-regulation following p53 knockdown, and a bar graph summarizing band 

intensities of FUT8 from 6 independent experiments. (D) ChIP assay shows that p53 binds 

to the two conserved binding sites (BS1 and BS2) in Fut8 gene promoter following AβO 

treatment, with binding to a p21 promoter sequence as a positive control. *p<0.05 and 

***p<0.001; one-way ANOVA with Tukey’s post hoc test. All error bars indicate s.e.m.. 

For quantitative comparisons, value changes are expressed as fold changes normalized to the 

control groups with values set as 1.
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Table 1.

Primers and primer sequences used for qPCR and ChIP assays

Gene (Invitrogen) Primer Sequence

IL-1β (Human) FW: GTGCAGTTCAGTGATCGTACAGG
RV: CCACAGACCTTCCAGGAGAATG

IL-6 (Human) FW: CCAGCTATGAACTCCTTCTC
RV: GCTTGTTCCTCACATCTCTC

TNF-α (Human) FW: CTCTTCTGCCTGCTGCACTTTG
RV: ATGGGCTACAGGCTTGTCACTC

C1QA (Human) FW: GTGACACATGCTCTAAGAAG
RV: GACTCTTAAGCACTGGATTG

P2RY12 (Human) FW: AAGAGCACTCAAGACTTTAC
RV: GGGTTTGAATGTATCCAGTAAG

TREM2 (Human) FW: TCTGAGAGCTTCGAGGATGC
RV: GGGGATTTCTCCTTCAAGA

TMEM119 (Human) FW: AGTCCTGTACGCCAAGGAAC
RV: GCAGCAACAGAAGGATGAGG

BS1 (Human) FW: ACCTGGCAAGAGAACGACTG
RV: TTTAGCTGCCATCCCAAAAC

BS2 (Human) FW: TATCCACCCCACCTCTGACT
RV: GCTCAGTTTGGGTGTCATCA

β-Actin (Human) FW: TCAAGATCATTGCTCCTCCTGAG
RV: ACATCTGCTGGAAGGTGGACA

β-Actin (Mouse) FW: TGTCCACCTTCCAGCAGATGT
RV: AGCTCAGTAACAGTCCGCCTAGA

Gene (Bio-Rad) Primer

FUT8 (Human) qHsaCID0008117

FUT8 (Mouse) qMmuCID0039633

p53 (Human) qHsaCID0013658
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