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Abstract

Amyloid-f (AP) accumulation in the brain triggers the pathogenic cascade for Alzheimer’s disease (AD)

development. The secretory protein FAM3C (also named ILEI) is a candidate for an endogenous

suppressor of AP production. In this study, we found that FAM3C expression was transcriptionally

downregulated in the AD brain. To determine the transcriptional mechanism of the human FAM3C gene,

we delineated the minimal 5'-flanking sequence required for basal promoter activity. From a database

search for DNA-binding motifs, expression analysis using cultured cells, and promoter DNA-binding

assays, we identified SP1 and EBF1 as candidate basal transcription factors for FAM3C, and found that

SMADI was a putative inducible transcription factor and KLF6 was a transcription repressor for FAM3C.

Genomic deletion of the basal promoter sequence from HEK293 and Neuro-2a cells markedly reduced

endogenous expression of FAM3C and abrogated SP1- or EBF1-mediated induction of FAM3C.

Nuclear protein extracts from AD brains contained lower levels of SP1 and EBF1 than did those from

control brains, although the relative mRNA levels of these factors did not differ significantly between

the groups. Additionally, the ability of nuclear SP1 and EBF1 in AD brains to bind with the basal

promoter sequence-containing DNA probe was reduced compared with the binding ability of these

factors in control brains. Thus, the transcriptional downregulation of FAM3C in the AD brain is

attributable to the reduced nuclear levels and genomic DNA binding of SP1 and EBF1. An expressional

decline in FAM3C may be a risk factor for AR accumulation and eventually AD development.



Introduction

Alzheimer’s disease (AD) is the major cause of elderly dementia; it is characterized by two

neuropathological signatures: amyloid plaques and neurofibrillary tangles, which represent insoluble

depositions of amyloid-f (AB) peptides and hyperphosphorylated tau proteins, respectively (1, 2). Brain

AP accumulation that precedes the onset of clinical symptoms by two decades is considered to trigger

the pathogenic cascade for AD development (3). Follow-up studies of discontinued anti-Af

immunotherapy clinical trials showed that clearance of deposited AP plaques was ineffective at either

reversing or impeding disease progression, even in the earlier phase of clinical manifestation; these

results highlight the need for interventions that prevent brain Af accumulation in the preclinical stage

(4). However, the preclinical stage (based on biomarker transition) that constitutes the critical period

when disease progression should be modified is currently undetermined. This stage must be identified if

therapy is to be effective, while a comprehensive list of risk molecules and an understanding of the

mechanisms by which these molecules are involved in the pathogenic process are also required.

Integrative analyses of genetic susceptibility loci and differentially expressed genes or

pathways have revealed the molecular groups or modules in which expressional changes are associated

with AD development (5, 6). These modules include the synaptic transmission, immune response, lipid

metabolism, endocytosis, and cell adhesion molecule pathways in addition to amyloid pathology (7).

However, this knowledge does not address which changes are primarily involved in AD risk and which



are reactive responses to upstream events. On the other hand, several molecules are reported to be

involved in or to influence the metabolism and neurotoxicity of AB. Although the intrinsic regulation

mechanism for A production in the brain remains to be elucidated, the secretory protein FAM3C is a

candidate for an endogenous AP suppressor. In previous studies, we found that FAM3C binds to

presenilins, catalytic components of the y-secretase complex, and shows suppressive activity on Af}

production by enhancing nonspecific degradation of the -secretase-cleaved immediate AP} precursor

without inhibiting secretase activities (8). Moreover, an increase and decrease in FAM3C expression

levels in cultured cells led to the down- and upregulation of A secretion, respectively (8). FAM3C is

widely expressed in the neuronal cells of the mammalian brain; higher-level distribution of FAM3C

protein is typical found in AD lesions such as in the entorhinal cortex and hippocampus (9). Neuronal

FAMS3C is enriched in presynaptic terminals (9), and the extracellular release of both FAM3C and AP is

dependent on neuronal activation, specifically on tetanus toxin-sensitive exocytosis of synaptic vesicles

in specific synapse subtypes (10).

We previously reported that FAM3C protein expression is downregulated in the autopsied

brains of patients with AD compared with the brains of age-matched nondemented or non-AD disease

controls (8, 9). In addition, the FAM3C levels of the cerebrospinal fluid were significantly reduced in

patients with mild cognitive impairment as well as in those with AD (10). By contrast, the transgenic

overexpression of FAM3C ameliorated brain Af3 burden and memory deficits without perturbing Notch



signaling in AD model mice (8). Based on these findings, we hypothesized that the expressional

reduction in FAM3C could be a risk factor for brain Af accumulation and that the induction of FAM3C

expression in the brain might be beneficial to AD cases in the early or preclinical phase. The present

study, therefore, aimed to clarify the mechanism underlying the downregulation of FAM3C expression

in the AD brain. We revealed that SP1 and EBF1 are involved in the basal expression of FAM3C, and

that FAM3C transcription is downregulated in the AD brain through the reduced nuclear levels and

genomic DNA-binding abilities of SP1 and EBF1.

Results

FAM3C mRNA levels are decreased in AD brains

Previously, we reported an expressional decline in FAM3C protein in the AD brain relative to

control protein levels (8-10). In the present study, to clarify whether this decline was due to

transcriptional downregulation, we extracted quantitative data from whole transcriptome sequencing

libraries on FAM3C mRNA levels in the frontal cortices of 29 cases with AD and 21 age-matched

cognitively healthy subjects. Figure 1 shows that FAM3C mRNA was significantly reduced in AD cases;

notably, a marked decline was observed in advanced stages of the Braak neuropathological criteria (11).

Promoter activity in the upstream region of human FAM3C



The human FAM3C gene, located on chromosome 7q31.31, includes 10 exons that span ~47.5

kb. To identify the FAM3C promoter sequence that is sufficient for basal transcriptional activity, we

employed a luciferase reporter assay in human nonneuronal HEK293 cells, which endogenously express

FAM3C mRNA under physiological conditions. We obtained a bacterial artificial chromosome clone

(ID: RP11-369F21; BACPAC Resource Center) that contained the upstream region of the human

FAM3C gene. The transcription start site (TSS) was retrieved by an in silico search in the Database of

Transcriptional Start Sites (https://dbtss.hgc.jp). Hereafter, all positions within the 5'-flanking sequence

are indexed relative to this +1 TSS. Using the luciferase reporter assay, we identified an 8.8-kb genomic

fragment upstream of the TSS that showed promoter activity (Figure 2A, B). This genomic region was

divided into approximately 1-kb-long serial fragments, of which the promoter activities were then

evaluated under equivalent transfection efficiencies. Three fragments between —4072 and —2940, —2060

and —1002, and —1027 and —1 showed higher luciferase activity (Figure 2B). Subsequently, we narrowed

down the candidate promoter sequences from these fragments (Figure 2C—E). Four 5-flanking regions

at —3095 to —3058, 2976 to —2940, —1044 to —1002, and —114 to —1 showed obvious promoter activity.

Delineation of the basal promoter sequence of FAM3C

To delineate promoter sequences, we tested internal deletions of the four aforementioned 5'-

flanking regions. Among them, the deletion of the —114 to —1 sequence aborted the basal promoter



activity; however, the other deletions did not affect basal activity (Figure 3A). We speculate that a longer

genomic distance (>1 kb) from TSS abolished the contribution to basal transcriptional activity. Reporter

assays for shorter serial internal deletions in the —163 to —1 fragment further indicated that the sequences

from—111to—101 and from —40 to —20, hereafter referred to as putative promoters A and B, respectively,

were required for basal transcriptional activity (Figure 3B). Similar trials for delineation of the basal

promoter sequence using human neuronal SH-SYSY cells and primary mouse neurons produced

equivalent results (Supple. Figs. 1 and 2). The deletions of putative promoters A and/or B in HEK293,

SH-SY5Y, murine nonneuronal NIH3T3, and murine neuronal Neuro-2a cells led to similar reductions

in promoter activity, whereas the deletion of putative promoter A reduced activity to a lesser extent in

murine cells than it did in human cells (Figure 3C). Furthermore, substitution of three serial nucleotides

in putative promoter B indicated that the —40 to —23 sequence was minimally indispensable for basal

transcriptional activity in HEK293 cells (Figure 3D). Substitution of nucleotides —111 to —109 reduced

transcriptional activity but did so to a lesser extent (data not shown).

SP1 and EBF1 are candidate transcription factors for FAM3C

The nucleotide sequence of the basal promoter is highly conserved between human and mouse

genomes (Figure 4A). We searched for transcription factors using DNA-binding profile databases such

as cisSRED, JASPAR 2018, Genomatix, and TRANSFAC; hits contained SP4, EBF1, ERG1, SMADI,



KLF6, and SP1 (Figure 4A). Knockdown of SP1 or EBFI in cultured cells markedly suppressed

endogenous expression of FAM3C protein (Figure 4B), whereas overexpression of these transcription

factors boosted FAM3C levels (Figure 4C). These results suggested that SP1 and EBF1 drove basal

transcription of FAM3C. In contrast, KLF6 knockdown upregulated FAM3C expression (Figure 4B).

KLF6 reportedly acts as a transcription repressor through recruitment of a corepressor complex

containing LCoR (12). Consistent with this, LCoR knockdown also enhanced FAM3C expression

(Figure 4D), whereas KLF6 overexpression did not solely induce FAM3C (Figure 4C); however, there

was no additive effect when KLF6 and LCoR were simultaneously knocked down (Figure 4D).

Knockdown and overexpression of SMADI1 did not significantly affect FAM3C expression, but

transfection with the constitutively active mutant of SMAD1 [SMAD1-S463D/S465D (13)] augmented

FAMS3C expression (Figure 4C). Hence, SMADI1 was considered a candidate inducible transcription

factor for FAM3C.

SP1 and EBF1 directly bind to the basal promoter sequence

Chromatin immunoprecipitation (ChIP) coupled with quantitative PCR (qPCR) was performed

to demonstrate direct binding between candidate basal transcription factors and the basal promoter region

of human FAM3C. The upstream sequence containing the basal promoter region of SH-SYSY cells was

immunoprecipitated with antibodies against SP1 or EBF1 (Figure 4E). An electrophoretic mobility shift



assay (EMSA) was also performed using total nuclear protein extracts from HEK293 cells and a DNA

probe containing the basal promoter sequence (—40 to —23). Formation of a nuclear protein-DNA probe

complex was observed as supershifted bands of the biotinylated probe, of which specificity was

demonstrated using a competition experiment with a 200-fold molar excess of the unlabeled probe

(Figure 4F). To examine whether SP1 and EBF1 were contained in the binding proteins, we performed

shift-western blotting. The shifted bands were obviously labeled by antibodies against SP1 and EBF1

(Figure 4G). These results indicated that SP1 and EBF1 were endogenous basal transcription factors of

FAM3C.

Genomic deletion of the basal promoter sequence of cultured cells

To assess the basal transcriptional activity of putative promoters A and B directly in vivo, their

genomic sequences were deleted from HEK293 cells using the CRISPR/Cas9 technique (Figure 5A).

The cloned cell lines (H3-4 and H1-135) harboring partial deletions of putative promoter B exhibited

approximately 60%—-80% reductions in basal expression levels of FAM3C protein, whereas deletion of

putative promoter A caused a 10% decrease (Figure 5B). An additive effect of these sequence deletions

was observed: the cell line H8-9 harboring the double deletion showed a reduction of ~90% in FAM3C

expression (Figure 5B). Knockdown or overexpression of EBF1, SP1, SMAD1, and KLF6 did not alter

expression levels of FAM3C protein in the H1-135 cell line (Figure 5C, D). We also generated Neuro-



2a cell lines with deletions of these promoter regions (Supple. Fig. 3A). In each of two selected cell lines,

we found six different deletions around putative promoter B; consistently, Neuro-2a cells are known to

have unstable karyotypes. Both cell lines exhibited a decrease in endogenous FAM3C levels of >80%

(Supple. Fig. 3B). These results indicated that the 5'-flanking sequence between —40 and —23 was the

main basal promoter for FAM3C and that SP1 and EBF1 are the primary constitutive transcription factors

for the gene.

Reduction in the nuclear levels and DNA-binding abilities of SP1 and EBF1 in AD brains

To determine the mechanism underlying transcriptional downregulation of FAM3C in the AD

brain, we evaluated the expression levels of SP1, EBF1, and KLF6 in autopsied human brains. RNA-

sequencing data (obtained as described in Figure 1) indicated that mRNA levels of EBF1 and KLF6 in

AD brains were equivalent to those in control brains, whereas the SP1 mRNA level was slightly

increased in AD brains (Figure 6A). Accordingly, we conducted genomic DNA methylation analysis, in

which neuronal nuclei isolated from temporal cortex tissues of autopsied brains were assessed (14), and

did not find any difference between AD and control samples in terms of methylation patterns around the

CpG island of FAM3C (Supple. Fig. 4).

In contrast, semiquantitative immunoblotting of nuclear extracts from temporal cortex tissues

revealed that SP1 and EBF1 in AD brains were significantly reduced relative to SP1 and EBF1 in the
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controls (Figure 6B). We also investigated the DNA-binding abilities of nuclear SP1 and EBF1 extracted

from autopsied brains. Shift-western analysis employing a DNA probe containing the basal promoter

sequence indicated that the DNA-bound SP1 and EBF1 were significantly diminished in AD cases

(Figure 7A, B). In addition, we performed ChIP-qPCR assays using autopsied brain tissues and

confirmed the decreased levels of SP1- and EBF1-bound genomic fragments containing the FAM3C

promoter in AD brains (Figure 7C). Moreover, similar ChIP-qPCR assays indicated that binding between

SP1 and the DHFR promoter (15) or between EBF1 and the FBRSL 1 promoter (16) was reduced in AD

brains compared with the binding detected in control brains (Figure 7D, E). These results revealed that

the nuclear levels of SP1 and EBF1 were reduced; moreover, they showed that the unidentified

modifications of these proteins perturbed their binding with genomic DNA in AD brains.

Discussion

Our study reveals that FAM3C expression is transcriptionally downregulated in the AD brain.

The 5' upstream sequence (CCGCCAGGGGGCGG/TGCGC) was primarily responsible for the basal

transcriptional activity of FAM3C in human and mouse, neuronal and nonneuronal, cultured cells. SP1

and EBF1 bind to this basal promoter and sustain endogenous FAM3C expression. SMAD1 and KLF6

are the putative inducible transcription factor and transcription repressor for the FAM3C, respectively.

SP1 and EBF1 in the nuclear extracts from AD brains exhibited reduced protein levels and lower abilities
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to bind with the promoter DNA relative to equivalent SP1 and EBF1 from control brains. Transcriptional

downregulation in the AD brain is possibly attributable to the insufficient activities of these factors.

FAMS3C is ubiquitously expressed at mRNA and protein levels (9, 17). Previous transcriptomic

studies have listed FAM3C among the downregulated genes found in AD brains [see the supplementary

tables in (18, 19)]. However, the regulatory mechanism of FAM3C transcription remains unexamined.

The proximal 5'-flanking region of the human FAM3C gene lacks a TATA box and contains GC-rich

sequences including GGGCGG, which is characteristic of housekeeping genes that are constitutively

expressed or involved in growth regulation (17, 20). A recent study reported that transcriptional induction

of FAM3C in melanoma cells contributes to invasiveness in vivo. HOXB4 (USF-1) directly interacts

with the E-box located at 193 to 129 bp upstream of the TSS to induce FAM3C expression and cellular

invasive activity (21). However, HOXB4 is expressed at very low levels in mammalian adult brains,

especially in the cerebral cortex and hippocampus, which are the main areas of lesions in the AD brain

(22).

Our results indicate that SP1 and EBF1 contribute to the basal expression of FMA3C. SP1is a

general transcription factor that can activate or repress transcription in response to physiologic and

pathological stimuli. Two previous studies investigated SP1 expression in AD brains using

immunoblotting of frontal cortex lysates prepared from autopsied brains; the results were inconsistent,

i.e., no change and a 2-fold increase in AD brains relative to control brains, respectively (23, 24). Our
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RNA-sequencing results indicated a slight increase in SP1 in the AD brain; however, semiquantitative

immunoblotting of nuclear protein extracts revealed that SP1 levels were obviously reduced in AD brains.

Superficially, these results are inconsistent; however, it should be noted that, in a previous

immunohistochemical study (24), SP1 protein was colocalized with pathological deposits of tau

aggregates such as neurofibrillary tangles, dystrophic neurites, and neuropil threads in AD brains.

Considering this finding, we speculate that sequestration of SP1 protein by tau aggregates in the

cytoplasm or neurites causes a reduction in nuclear SP1 in the AD brain, whereas total SP1 levels remain

unchanged or even upregulated.

A previous meta-analysis of gene expression profiling revealed that the pathways enriched by

AD-related genes were largely common to those enriched by aging-related genes and that many of these

genes were expressed under regulation of SP1 (25). In another study, expression levels of SP1 were also

downregulated in senescent cells or aged tissues; levels of promoter-bound SP1 protein were especially

reduced in senescent fibroblasts relative to levels in presenescent fibroblasts (26). In addition, studies

employing EMSASs revealed that the DNA-binding efficiency of SP1 was reduced in the brains of aged

rats relative to in the brains of young rats, which is likely caused by undetermined posttranslational

mechanisms but not by decreased de novo synthesis of SP1 protein (27, 28). The results of our EMSAs

additionally suggest that the efficiency of SP1 was reduced in the AD brain.
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EBF family proteins are helix-loop-helix transcription factors and include four members that

are critical for lineage specification in early B cell development. When aged mice were compared with

young mice, two-fold downregulation of EBF1 expression was found in common lymphoid progenitors

of the former relative to the latter (29). Although EBF1 plays an essential role in neural differentiation

during the developmental stage, its physiological function in the mature brain has yet to be identified (30,

31). Specific expressional changes in the AD brain have not been described, but the Caenorhabditis

elegans ortholog (unc-3) of EBFI is known to be downregulated by pan-neuronal overexpression of

proaggregating tau and A4z peptide (32).

To date, no genetic variants of FAM3C, SP1, and EBF I have been shown to be associated with

AD. However, unidentified genetic variations might indirectly contribute to FAM3C downregulation in

the AD brain because the heritability of late-onset sporadic AD has been estimated at 60%—80%

according to studies on identical twins (33). Revealing the primary causes of SP1 and EBFI

hypofunction in the AD brain will require further investigation, whereas SMAD1 and KLF6 are unlikely

pathophysiologically relevant to the downregulation of FAM3C basal expression in the AD brain.

SMADI is a candidate inducible transcription activator, whereas the mRNA level of KLF6 repressor

was unaltered in AD brains relative to levels in the control.

A previous study revealed that, when activated, TGF-$ interferes with the translational

silencing of FAM3C and induces the epithelial-mesenchymal transition of mammary epithelial cells
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(34). Thus, heterogeneous nuclear ribonucleoprotein E1, which represses FAM3C translation by binding

with the 3" untranslated region of its mRNA, is released from the mRNA by activated TGF-f (34). The

SMAD family is known to contain downstream transducers of TGF-f3 and BMP signaling. The canonical

downstream pathway of TGF- is through SMAD2 and SMAD3, and TGF-B induces the

phosphorylation of SMADI1 and SMADS only in limited situations, such as epithelial-to-mesenchymal

transition (35). Our results indicate the possibility that activated SMAD1 induces FAM3C transcription,

but so far there is no report showing that activation of TGF-} signaling induces FAM3C expression at

the transcriptional level.

This study has some limitations. First, we examined the transcriptional mechanism of FAM3C

using cultured cells. Additional experiments will be required to confirm that FAM3C transcription in

mammalian neurons in vivo is regulated by the same mechanism as that observed in cultured cells.

Moreover, our search for transcription factors using DNA-binding profile databases may have failed to

identify all of the transcription factors involving FAM3C transcription. However, the simultaneous

knockdown of SP1 and EBF1 markedly suppressed the endogenous expression of FAM3C in cultured

cells (Figure 4B), suggesting that these are major basal transcription factors. Another constraint of our

study was the limited number of autopsied brains analyzed. Furthermore, all participants in the

postmortem studies were of Japanese ethnicity. A future investigation with a larger number of brains

obtained from a wider spectrum of ethnic groups will be crucial to validate our conclusions.
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Prevention or treatment of brain A3 deposition in the preclinical stage is recognized as essential

for the development of disease-modifying AD therapies. According to our previous studies (8-10) and

the current work, diminished expression of FAM3C in elderly brains might be a potential risk for Af3

accumulation, whereas interventions to induce FAM3C expression or enhance FAM3C-like activity in

the brain may be beneficial to early AD cases.

Materials and Methods

Transcriptome analysis of postmortem brain tissues

Frontal cortex tissues were dissected from the autopsied brains of AD patients (n = 29) and

non-demented controls without neurological diseases (n = 21). The subjects were neuropathologically

classified according to the neurofibrillary tangle staging of Braak and Braak (11). Total RNA was

extracted using the TRIzol Plus RNA Purification System (Thermo Fisher Scientific, Waltham, MA,

USA). An Agilent 2100 Bioanalyzer instrument (Agilent Technologies, Santa Clara, CA, USA) was

used to obtain the RNA integrity number (RIN). A TruSeq Stranded mRNA Library Prep Kit (Illumina,

San Diego, CA, USA) was used for library preparation, which was followed by sequencing on an

[llumina NestSeq500. The 75-bp paired-end sequenced reads were aligned to the human transcriptome

GRCh38 (release 85 from Ensembl) using Sa/mon (version 0.8.0) as an aligner. Differential expression

of genes of interest was analyzed via the DESeq2 (version 1.14.1) package, with adjustments made for
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potential confounding factors: age at death, gender, APOE genotypes, and RIN. P-values were calculated

using the likelihood ratio test and adjusted with the Benjamini-Hochberg procedure for multiple testing

correction. The study was approved by the Ethics Committee of Niigata University (2018-0034).

Plasmids and siRNA

The bacterial artificial chromosome clone carrying the human FAM3C genomic locus (Clone

ID: RP11-369F21) was obtained from BACPAC Resource Center (Children’s Hospital Oakland

Research Institute, Oakland, CA, USA). The 5’ upstream fragments of FAM3C were amplified by PCR

and subcloned into the dual-luciferase reporter plasmid pGLA4-Luc2-TK-hRIuc, which contained the

promoterless firefly luciferase gene of pGL4.10 (Promega, Madison, WI, USA) and TK-promoter-

driving Renilla luciferase gene of pGL4.74 (Promega) (Figure 1A). Substitutions or deletions were

introduced using PCR-based mutagenesis. Human cDNA for SP1, SP4, KLF6, and SMADI1 were

amplified by reverse transcription-PCR from total RNA isolated from SH-SYS5Y cells. Human cDNA

for EBF1 and EGR1 was obtained from RIKEN BioResource Research Center (Tsukuba, Japan). Each

cDNA was subcloned into the expression plasmid pCAGEN (36). The constitutively active mutant

SMADI1 (SMAD1-5463D/S465D) was generated by PCR-based site-directed mutagenesis (37).

The following siRNA duplexes were purchased from Dharmacon (Lafayette, CO, USA):

siGENOME SMART pool M-011848 for human EBF1, M-026959 for human SP1, M-012723 for
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human SMAD1, M-021441 for human KLF6, M-040633 for mouse Sp1, M-043282 for mouse Sp4, M-

045017 for mouse Ebfl, M-043530 for mouse Klt6, M-040286 for mouse Egrl, M-055762 for mouse

Smad1, M-059377 for mouse Lcor, and D-001206 for a nontargeting control.

Luciferase reporter assay

HEK?293, SH-SYS5Y, Neuro2a, and NIH3T3 cells, or mouse primary cultured neurons on 24-

well culture plates were transfected with 50 ng of the indicated reporter plasmid. The cells were harvested

after 48 h, and the firefly and Renilla luciferase activities in cell lysates were measured using a Dual-

Luciferase Reporter Assay system (Promega) on a Nivo microplate reader (PerkinElmer Life Science,

Waltham, MA, USA). The resultant data represent firefly luciferase activity normalized by Renilla

luciferase activity.

Immunoblotting

Immunoblotting was performed as previously described (38). Protein concentrations were

measured using a modified Lowry method and the same amounts of total protein were separated by SDS-

PAGE. The primary antibodies used were as follows: mouse monoclonal anti-FAM3C (42C1) (10),

mouse monoclonal anti-SP1 (Santa Cruz Biotechnology, Dallas, TX, USA), rabbit monoclonal anti-

EBF1 (Abcam, Cambridge, MA, USA), mouse monoclonal anti-KLLF6 (Abcam), mouse monoclonal
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anti-EGR1 (Santa Cruz), mouse monoclonal anti-SMAD]1 (Santa Cruz), mouse monoclonal anti-SP4

(Santa Cruz), mouse monoclonal anti-GAPDH (Santa Cruz), and mouse monoclonal anti-TBP (Santa

Cruz). Band intensity was measured using an ImageQuant LAS 4000 mini chemiluminescence imager

(GE Healthcare, Chicago, IL, USA).

ChIP-qPCR analysis

Quantitative ChIP assays were performed as previously described (39) but with slight

modifications. In brief, cultured SH-SYSY cells were collected in phosphate-buffered saline containing

a protease inhibitor cocktail (Roche Diagnostics). Then, 50 mg of frozen temporal cortex tissues from

autopsied brains were minced with scissors in phosphate-buffered saline. Cells and minced tissues were

cross-linked in 1.0% formaldehyde for 10 min and 1.5% formaldehyde for 20 min, respectively, and

then 137.5-mM glycine (final concentration) was added to quench cross-linking. The samples were

treated with micrococcal nuclease (New England Biolabs, Ipswich, MA, USA), subjected to sonication,

and then incubated with mouse monoclonal anti-SP1 antibody (Santa Cruz), mouse monoclonal anti-

EBF1 antibody (Santa Cruz), or normal mouse IgG (Santa Cruz, as a negative control). The

immunocomplexes were captured with Protein G Sepharose 4 Fast Flow (GE Healthcare). After

overnight incubation with gentle mixing at 4°C, the protein and DNA complex was decrosslinked at

65°C before DNA purification. ChIP efficiency was measured by quantitative real-time PCR using KOD
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SYBR gPCR Mix (Toyobo) and a LightCycler 480 System II (Roche Diagnostics, Mannheim,

Germany). The following primer sets were used: 5-GTCCTCCACCGCCAGGGGGC-3' (forward) and

5-TGGCCAGGAGAAAGCCAGCTC-3' (reverse) for the FAM3C promoter region (from —48 to +61);

5-TCGCCTGCACAAATGGGGAC-3' (forward) and 5~AGAACGCGCGGTCAAGTTT-3' (reverse)

for the DHFR promoter region (from +386 to +455); or 5-TACGCGCTGCATGAATCAAT-3'

(forward) and 5-CTGGTGGGGTTTTCTGAGC-3' (reverse) for the FBRSLI promoter region (from

~965 to +895).

Nuclear protein extraction

Nuclear proteins were extracted as previously described (40). Briefly, cultured cells were

suspended in a hypotonic buffer (10-mM HEPES at pH 7.9, 1.5-mM MgCl,, 10-mM KCl, and 0.5-mM

DTT) containing a protease inhibitor cocktail (Roche Diagnostics). After incubation for 15 min on ice,

the samples were adjusted to 0.05% NP-40 and centrifuged for 30 s at 10,000 g. The pellet was

resuspended in a hypertonic extraction buffer (20-mM HEPES at pH 7.9, 1.5-mM MgCls, 420-mM NacCl,

0.2-mM EDTA, 25% glycerol, and 0.5-mM DTT) with agitating for 30 min on ice and then centrifuged

for 5 min at 20,000 g and 4°C. The resultant supernatants were used as nuclear extracts.

To prepare nuclear extracts from human brains, we obtained frozen temporal cortex tissues of

AD patients (n = 20) and age-matched controls without neurologic disease (n = 10) from the Brain Bank
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for Aging Research, Tokyo Metropolitan Institute of Gerontology (Tokyo, Japan). Tissues were

homogenized using a motor-driven Teflon/glass homogenizer (5 strokes) in a hypotonic buffer and

centrifuged for 20 min at 10,000 g and 4°C. The pellets were resuspended in a hypertonic extraction

buffer with agitating for 30 min on ice. After centrifugation for 5 min at 20,000 g and 4°C, the

supernatants were obtained as nuclear extracts. The Shiga University of Medical Science Review Board

approved the study protocol (28-096).

EMSA and shift-western analysis

EMSA was performed as previously described (41) but with slight modifications. The following

biotinylated and unlabeled double-stranded oligonucleotides corresponding to 45 to 15 bp upstream from

the TSS of human FAM3C gene were used for probes. Sense strands were 5'-

ctccaCCGCCAGGGGGCGGGCGCGGC Ctteee-3' (wild-type) and 5'-

ctccal TACTAAGAAACGAGTGTAACttccc-3' (unrelated). To prepare a reaction mixture, 10 fmol of

DNA probe was incubated with 5 pg of total nuclear proteins in 10 pL of binding solution (20-mM

PIPES at pH 6.8, 50-mM NaCl, 1-mM DTT, 0.25-mg/mL BSA, 100-uM ZnSOs4, 0.05% NP-40, 4%

Ficoll, and 67.5-ug/mL poly—[dI-dC]) for 30 min on ice. The reaction mixture was then separated by 4%

nondenaturing PAGE and transferred to a positively charged nylon membrane. Biotinylated probes were

detected with a Light Shift Chemiluminescent EMSA Kit (Thermo Fisher Scientific). For gel mobility
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shift-western blotting, proteins in EMSA gels were transferred onto a PVDF membrane as peviously

decribed (42), and blots were probed by anti-SP1 (Santa Cruz) or anti-EBF1 (Abcam) antibodies.

Genome editing of culture cells

The putative promoter regions of HEK293 and Neuro-2a cell genomes were deleted by

CRISPR-Cas9-mediated site-directed gene editing using a Guide-it sSgRNA In Vitro Transcription Kit

(Takara Bio, Shiga, Japan), Guide-it Recombinant Cas9 (Takara Bio), and TransIT-X2 transfection

reagent (Mirus Bio, Madison, WI, USA). The single guide RNAs were designed using CRISPRdirect

(https://crispr.dbcls.jp/) as follows: 5~ AAGCCGCGCCCGCCCCCTGG-3' for the H1-135 cell line, 5'-

CCGCTTGGTCCTCCACCGCC-3' for the H3-4 cell line, 5'-AGAGCGGAGGGAGGGGTCTG-3' for

the cell lines H6-76 and H8-9, 5'-CGGCTCGGTCCTCCACCGCC-3' for the N1-13 cell line, and 5'-

GCGGAGCCGCGCACGCCCCC-3' for the N2-77 cell line. The antisense single-stranded donor

oligonucleotides were 5'-

AATGGGCCCCCGCCGCCGGGAAGCCGCGCCCGCCCCCTGGTGGAGGACCAAGCGGGCG

CCCGGGCCGGCCAGAGGGAAGG-3 for H3-4 cells and 5'-

GGGCCGGCCAGAGGGAAGGGCCGGAGAGCGGAGGGAGGGGCGCCCACCGLCCCCCGEC

CAGGCGCTGCACAATCTGAACTT-3' for H6-76 and H8-9 cells. Cell populations were cloned by

limiting dilution. The H8-9 cell line was cloned by additional genome editing from the H1-135 cell line.
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Neuron-specific DNA methylome analysis in autopsied brains

Postmortem frozen tissues of the inferior temporal gyrus from AD patients (n = 30) and age-

matched normal controls (n = 30) were homogenized with a motor-driven Teflon/glass homogenizer.

Neuronal nuclei were isolated by FACS using an anti-NeuN antibody (Millipore, Darmstadt, Germany).

Extracted genomic DNA was bisulfate-converted and subjected to genome-wide DNA methylation

analysis using an Infinitum HumanMethylation450 BeadChip (Illumina) as previously described (14).

The University of Tokyo Review Board approved the study protocol (2183-15).

Statistical analyses

Data are expressed as means = SEMs. Statistical evaluations were performed using Student’s

t-test for two-group comparisons and one-way ANOVA followed by Tukey’s Honest Significant

Difference (HSD) test for three (or more)-group comparisons.

Supplementary Materials

Supplementary Material is available at HMG online.
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Legends to Figures

Figure 1. Relative FAM3C mRNA expression was reduced in autopsied AD brains. (A) Whole
transcriptome sequencing data were obtained using total RNA extracted from the frontal cortex tissues
of AD patients (n = 29) and non-demented controls (n = 21). Relative FAM3C mRNA levels from AD
and control brains are shown. Student’s #-test; ***p < 0.001 versus the control. (B) Autopsied brains of
AD and control cases were staged into Braak 0, I-II, III-IV, and V-VI according to the
neuropathological criteria (11). FAM3C mRNA levels of Braak stage groups are shown. Boxes,
horizontal lines, and whiskers represent interquartile ranges, medians, and maximum/minimum values,

respectively.

Figure 2. Luciferase reporter assays for the basal promoter of FAM3C. (A) Schematic diagram of the
pGL4-Luc2-TK-hRIuc plasmid. TSS: transcription start site; Luc2: firefly luciferase gene; hRluc: Renilla
luciferase gene; p(A): SV40 late polyadenylation signal; TK: HSV-TK promoter; and Stop: stop codon.
(B-E) Relative luciferase activity of consecutive ~1 kb-long regions in the 5'-flanking sequence (B) and
truncated sequences of the fragments between —4072 and —2940 (C), between —2060 and —1002 (D),
and between —1027 and —1 (E). Each reporter plasmid (50 ng) was transfected into HEK293 cells. The
relative activity is shown (n = 3, mean + SEM). One-way ANOVA followed by Tukey’s HSD; ***p <

0.001 versus no promoter.

Figure 3. Delineation of the basal promoter sequence of FAM3C. (A-D) Relative luciferase activity of
the 5'-flanking sequence between —4072 and —1 with four different internal deletions (A); the sequence
between —631 and —1 with consecutive ~10-bp deletions (B); the sequence between —631 and —1 with

deletions of putative promoter A (AA), putative promoter B (AB), or both (AA and AB) in indicated cells
32



(C); and consecutive three-nucleotides substitutions (C to T and G to A) of putative promoter A (D).
Relative activity is shown (n = 3, mean + SEM). One-way ANOVA followed by Tukey’s HSD; **p <

0.01, **%p < 0,001 versus 4072 to —1 (A), =631 to —1 (B, C), or wild-type (WT) (D).

Figure 4. Evaluation of candidate transcription factors for FAM3C. (A) The 5'-flanking sequences
around the basal promoter of human and mouse FAM3C genes. Aligned recognition motifs of candidate
transcription factors are shown. (B-D) Immunoblots of Neuro-2a cells transfected with siRNAs or
expression plasmids for indicated candidates were probed with antibodies against FAM3C or GAPDH.
Bar graphs show the relative intensity of FAM3C bands, which are normalized by those of GAPDH (n
= 3, mean + SEM). KD, knockdown; OE, overexpression. One-way ANOVA followed by Tukey’s
HSD; **p <0.01 and ***p < 0.001 versus the controls (nontargeting siRNA or mCherry plasmid). (E)
ChIP assays of SH-SYS5Y cells with antibodies against SP1 or EBF1 and normal IgG, followed by qPCR
with primers targeting the upstream region containing the #4M3C promoter sequence. Bar graph shows
relative enrichment normalized to input (mean + SEM). Student’s #-test; ***p < 0.001 versus normal
IgG. (F) EMSA using nuclear extract (NE) from SH-SYSY cells and the biotinylated DNA probe
containing the sequence at —40 to —20 of the human FAM3C gene. BP: biotinylated probe; UP: unlabeled
probe (a 200-fold molar excess). Arrow indicates the shifted band. (G) Shift-western analysis using NE
from native HEK293 cells (for SP1) and HEK293 cells transfected with EBF1 (for EBF1) and the DNA
probe containing the basal promoter sequence and unrelated sequence (U). The arrows indicate the

shifted bands. The results are representative of three independent experiments (B—G).

Figure 5. Disruption of the candidate promoter sequences suppressed basal expression of FAM3C and
abolished SP1- and EBF1-mediated induction of FAM3C. (A) The putative promoter regions of the

HEK293 cell genome were disrupted by CRISPR-Cas9-mediated site-directed gene editing. DNA
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sequencing of seven independent genomic fragments from each cloned cell line revealed the two deleted
alleles shown. WT, wild-type. (B) Immunoblots for FAM3C using lysates of cell lines shown in (A).
Bar graph shows the relative intensities of FAM3C bands, which are normalized by those of GAPDH (n
=3, mean + SEM). One-way ANOVA followed by Tukey’s HSD; **p <0.01 and ***p < 0.001 versus
HEK293. Immunoblots for FAM3C using H1-135 cells transfected with siRNAs (C) or expression
plasmids (D) for indicated transcription factors. Immunoblots for GAPDH served as loading controls.

Results are representative of three independent experiments. KD, knockdown; OE, overexpression.

Figure 6. Expression of the candidate transcription factors in AD autopsied brains. (A) RNA-sequencing
data were obtained as described in Figure 1. Relative mRNA levels of SP1, EBF1, and KLF6 in AD and
control brains are shown. Boxes, horizontal lines, and whiskers represent interquartile ranges, medians,
and maximum/minimum values, respectively. Student’s z-test; not significant (ns) and **p <0.01 versus
the control (Cont). (B) Immunoblots for nuclear SP1, EBF1, and TBP. The same amount of nuclear
protein extracted from the frontal cortex homogenates of autopsied brains was subjected to
immunoblotting. Bar graph shows the relative intensities of SP1 and EBF1 bands, which are normalized

by that of TBP. Student’s #-test; **p < 0.01 versus the control.

Figure 7. The reduced DNA-binding ability of SP1 and EBF1 prepared fin AD brain. For shift-western
analysis, the DNA probe containing the basal promoter sequence was incubated with the same amount
of total nuclear proteins extracted from frontal cortex homogenates of autopsied brains. The reaction
mixture was separated by nondenaturing PAGE and the blots were probed with antibodies against SP1
(A) or EBF1 (B). Results are representative of three independent experiments. Bar graphs show the
relative intensity of SP1 or EBF1 bands, which are normalized by that of control case #1 in the far left

lane of each blot (mean + SEM). Student’s #-test; *p < 0.05 and **p < 0.01 versus the control. (C—E)
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ChIP assays of frozen temporal cortex tissues of autopsied brains with antibodies against SP1 or EBF1
and normal IgG (negative control), followed by qPCR with primer pairs specific to the promoter region
of FAM3C (C), DHFR (D), or FBRSLI (E). The same sample set was used as in (A) and (B). Bar graph
shows relative enrichment normalized to input (mean + SEM). Student’s #-test; *p <0.05 and **p < 0.01

versus each control.
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Abbreviations

AD, Alzheimer’s disease;

MCI, mild cognitive impairment;

FAM3C, family with sequence similarity 3, member C;

ILEI, interleukin-like epithelial-mesenchymal transition inducer;
TSS, transcription start site;

EMSA, electrophoretic mobility shift assay;

ChlIP, chromatin immunoprecipitation;

qPCR, quantitative polymerase chain reaction;
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Figure 4
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Figure 5
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Supplementary Figure 1
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Supplementary Fig. 1

Luciferase reporter assays in SH-SYSY cells.

Relative luciferase activity of consecutive ~1 kb-long regions in the 5'-flanking sequence (A), the
fragment between —4072 and —1 with four different internal deletions (B), and the sequence
between —631 and —1 with consecutive ~10-bp deletions (C). Each reporter plasmid (50 ng) was
transfected into SH-SYS5Y cells. The relative activity is shown (n = 3, mean + SEM). One-way
ANOVA followed by Tukey’s HSD; ***p < 0.001 versus no promoter (A) or 4072 to —1 (B), *p <
0.05, and ***p < 0.001 versus =631 to —1 (C).



Supplementary Figure 2
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Supplementary Fig. 2

Luciferase reporter assays in primary culture mouse neurons.

Relative luciferase activity of the fragment between —4072 and —14 with four different internal
deletions (A), and the sequence between —631 and —1 with consecutive ~10-bp deletions (B). Each
reporter plasmid (50 ng) was transfected into neurons. The relative activity is shown (n = 3, mean +
SEM). One-way ANOVA followed by Tukey’s HSD; *p < 0.05, ***p < 0.001 versus —4072 to —1
(A) or =631 to —1 (B). For preparation of primary cultured neurons, hippocampus and cerebral
cortex tissues were dissected from E15.5 C57BL/6J mice. Cells were dissociated with papain (25
units/mL), and then cultured in Neurobasal medium (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with GlutaMAX (Gibco), B-27 supplement (Gibco), horse serum (Gibco)
and Penicillin/Streptomycin. The mitotic inhibitor cytosine arabinoside (5 uM) was added into the
medium after 3 days of culture.



Supplementary Figure 3
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Supplementary Fig. 3

Basal FAM3C promoter-disrupted Neuro-2a cell lines

(A) The putative promoter regions of the Neuro-2a cell genome were disrupted by CRISPR-
Cas9-mediated site-directed gene editing. DNA sequencing of 19 and 31 independent genomic
fragments from N1-13 and N2-77 line lines, respectively, revealed six different deleted alleles
shown. The blue capital letters indicate the inserted sequences. (B) Immunoblots for FAM3C and
GAPDH using N1-13 and N2-77 cell lines. Bar graph shows the relative intensities of FAM3C
bands, which are normalized by those of GAPDH (n = 3, mean + SEM). One-way ANOVA
followed by Tukey’s HSD; ***p < 0.001 versus naive Neuro-2a cells.
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Supplementary Fig. 4

Neuron-specific DNA methylome analysis of the FAM3C gene in AD brain

Methylation levels in genomic DNA near the FAM3C gene. Genomic DNA was extracted from
neuronal nuclei which were prepared from autopsied brains of AD patients (AD; n = 30) and
age-matched controls (NC; n = 30). The upper panel shows RefSeq gene map and CpG islands
(green bars). The lower panel depicts 3 values of each sample at the CpG site. Dots are B values

from each sample, and solid lines are mean  values of each group. Green area corresponds to
the CpG island.
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