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Abstract: Current treatments for Alzheimer’s disease (AD) primarily focus on slowing disease progression, empha-
sizing the urgent need for a reliable diagnostic method for early-stage Alzheimer’s (EAD). Our investigation, which 
is based on the finding that the secretory protein Esophageal Cancer Related Gene 4 (ECRG4) is elevated in the 
hippocampus of AD patients, led to the creation of a novel ELISA system for ECRG4 detection. We observed that 
ECRG4 peptides, particularly the fragment spanning amino acids 108-132, were elevated in the plasma of approxi-
mately 25% of patients with mild cognitive impairment (MCI) and 50% of those with AD, compared to individuals 
without dementia. RNA sequencing of plasma samples revealed decreased levels of carbohydrate sulfotransferase 
3 (CHST3) mRNA, which is mainly expressed in oligodendrocyte (OLG)-lineage cells, in ECRG4-positive patients. 
Functional analyses demonstrated that the ECRG4 (71-107) peptide induced cytotoxicity in oligodendrocytes in vitro 
and reduced the expression of the OLG marker galactocerebroside in the corpus callosum following intracerebral in-
jection. Additionally, peptide injection resulted in extravascular IgG leakage and the accumulation of OLG precursor 
cells (OPCs), which are crucial for myelin regeneration, around the blood vessels. These phenomena were similarly 
observed in the hippocampi of patients with EAD. Collectively, these findings establish ECRG4 as a novel serum 
marker for AD and suggest its association with ECRG4-dependent OLG dysfunction.
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Introduction 

The development of Alzheimer’s disease (AD) 
involves multiple pathological changes, includ-
ing the accumulation of hyperphosphorylated 
tau proteins, formation of neurofibrillary tan-
gles, and neurovascular dysfunction [1-3]. No- 
tably, amyloid-β (Aβ) plaques begin to accu- 
mulate during the early stage of AD (EAD). 
Understanding the molecular mechanisms un- 
derlying brain plaque formation is essential for 
the development of effective preventive strate-
gies [4]. Recently, two therapeutic antibodies, 
donanemab and lecanemab, have been devel-
oped to target these plaques [5, 6], and have 
received marketing authorization from the U.S. 

Food and Drug Administration (FDA). However, 
their therapeutic efficacy is primarily confined 
to patients with mild cognitive impairment (MCI) 
or EAD, highlighting an urgent need for novel 
diagnostic methods capable of accurately iden-
tifying these populations.

Esophageal cancer related gene 4 (ECRG4, or 
Augurin), was initially identified as a gene sig-
nificantly downregulated in malignant tumors 
compared to adjacent normal tissues [7, 8]. 
Overexpression of ECRG4 has been reported  
to trigger cell cycle arrest in tumor cells in vitro 
[9], establishing ECRG4 as a tumor suppressor 
gene. In contrast, increased ECRG4 expression 
has been observed in the brains of aged mice 
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and in the hippocampus of AD patients carry- 
ing the apolipoprotein E (APOE) 3/4 genotype, 
compared to patients with the APOE3/3 geno-
type and non-AD controls [10-12]. In addition, 
we observed focal upregulation of ECRG4 in  
the hippocampus of patients with EAD and AD 
across APOE 3/3, 3/4, and 4/4 genotypes, 
along with its colocalization with amyloid pre-
cursor protein (APP)/Aβ in the same regions 
(Lai Kit et al, unpublished data). Furthermore, 
ECRG4 stimulates the activation of inflamma-
tory cytokine cascades, including tumor ne- 
crosis factor-α (TNF-α) and interleukin-6 (IL- 
6), in microglia, thereby contributing to both  
AD development and tumor rejection [13-15]. 
Collectively, these observations imply that that 
ECRG4 may serve as a novel diagnostic marker 
for the detection of EAD and MCI. Given that 
ECRG4 is a secreted protein that can be clea- 
ved by specific proteases, including furin and 
thrombin [16-18], we hypothesized that certain 
ECRG4 fragments may be detectable in the 
body fluids, such as blood and cerebrospinal 
fluid (CSF) in patients with MCI, EAD, or AD. For 
this purpose, we constructed a highly sensitive 
enzyme-linked immunosorbent assay (ELISA) 
targeting the ECRG4 peptide fragment span-
ning amino acids 108-132.

Methods

Chemical reagents

Chemicals were obtained from Nacalai Tesque 
and Sigma-Aldrich unless otherwise specified. 

Ethical approval

This study was conducted in accordance with 
the Declaration of Helsinki and was approved 
by the Ethics Committee of Tokyo Metropo- 
litan Institute for Geriatrics and Gerontology 
(Protocol code: R2, Date of approval: April 15, 
2019), the Ethics Committee of Hokkaido Uni- 
versity Graduate School of Medicine (Protocol 
code: 16-031, Date of approval: July 16, 2018), 
and the Ethics Committee of Hokkaido Uni- 
versity Institute for Genetic Medicine (Protocol 
code: 12-0001(6), Date of approval: December 
21, 2021). The protocol for animal study was 
approved by the Institutional Review Board  
of the Animal Care and Use Committee of 
Hokkaido University (Protocol code: 21-0066, 
Date of approval: July 19, 2021).

Animals 

C57BL/6 and NOD/ShiJic-scid (NOD/SCID) 
mice were purchased from CLEA Japan. A 
three-drug anesthetic mixture comprising me- 
detomidine hydrochloride (0.3 mg/kg, M3314, 
Tokyo Chemical Industry), midazolam (4 mg/ 
kg, 135-13791, FUJIFILM Wako), and butorpha-
nol tartrate (5 mg/kg, 021-19001, FUJIFILM 
Wako) was used in the animal experiments.  
The anesthetic mixture was administered via 
intraperitoneal injection at a volume of 0.1 ml 
per 10 g body weight. For euthanasia, pento-
barbital sodium (150 mg/kg, 76-74-4, FUJIFILM 
Wako) was administered intraperitoneally at a 
volume of 0.1 ml per 10 g body weight.

Mice were housed under controlled conditions. 
The temperature was maintained at 24 ± 2°C. 
The relative humidity was maintained between 
0% and 20%. A 12 h light/12 h dark cycle was 
implemented, with lights on from 6:00 a.m. to 
6:00 p.m. Mice were provided with a standard-
ized commercial diet (Labo MR Stock, Nosan 
Corporation) and had ad libitum access to 
water supplied through bottles placed on the 
cage lids. Paper-based bedding (Paper Clean, 
SLC) was used and replaced regularly to main-
tain hygienic conditions.

Anti-ECRG4 antibodies

A rabbit polyclonal anti-ECRG4 antibodies  
(Abs) (OB1264) were produced by immunizing  
a Japanese White rabbit with a synthetic pep-
tide corresponding to amino acids 107-132 
(CRNRNGHDYYGDYYQRHYDEDAAIGPH) using  
a standard protocol (Medical & Biological 
Laboratories) (Figure S1A). 

Mouse monoclonal anti-ECRG4 Abs were pro-
duced by immunizing C57BL/6 mice with a  
mixture of GST-AUGURIN expressed in E. coli 
and a 21-mer peptide derived from the N- 
terminus of AUGURIN. The epitopes of each 
monoclonal antibody were determined using a 
peptide SPOT array synthesized by Multipep 
(CEM) (Figure S1A). After intraperitoneal in- 
jection of hybridoma cells (clones 3B4, 2A8, 
1H4, and 1A3; 5 × 106) into NOD/SCID mice 
(8-week-old), the ascites were collected. Both 
mouse and rabbit anti-ECRG4 Abs were puri- 
fied using Protein A Sepharose 4 Fast Flow 
according to the manufacturer’s protocol (17-
5280-01, GE Healthcare). 
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Diagnosis of dementia, AD, and non-dementia

Patients were diagnosed with dementia, AD, 
and MCI in accordance with established gui- 
delines and the National Institute on Aging-
Alzheimer’s Association (NIA-AA) criteria (Table 
S1) [19, 20]. For inclusion criteria, probable  
AD was defined based on the NINCDS-ADRDA 
criteria, and MCI was diagnosed according to 
Petersen’s criteria [21]. Cases with clear co-
occurring central nervous system disorders, 
such as head trauma, cerebrovascular disea- 
se, or other neurodegenerative diseases (e.g., 
Parkinson’s disease), were excluded. Non-de- 
mentia patients with other neurological disor-
ders were classified according to the criteria 
specified in Table S2. The Mini-Mental State 
Examination (MMSE) was used for dementia 
diagnosis [19, 20]. 

Human plasma, cerebrospinal fluid, and hip-
pocampal sections

EDTA-treated plasma (plasma) and CSF sam-
ples were collected using standard procedur- 
es from three patient groups: (i) patients with 
dementia, including AD and normal pressure 
hydrocephalus, (ii) individuals with MCI, and (iii) 
individuals with non-dementia neurological dis-
eases (e.g., multiple system atrophy and myo- 
pathy) [20, 21]. Plasma samples from eight 
healthy individuals were used as controls. Hi- 
ppocampal tissues were obtained from pa- 
tients diagnosed with non-AD, EAD, or AD, as 
previously documented [22].

ECRG4 sandwich ELISA assay

A mouse anti-ECRG4 antibody (1 μg/mL in car-
bonate buffer [0.05 M, pH 9.5], 37116-08 and 
37141-08, Kanto Chemical) was used to coat 
96-well plates (353072, Falcon), followed by 
overnight incubation at 4°C. After washing  
five times with washing buffer (0.05% Tween-
20/PBS; JP-0777A and 049-29793, FUJIFILM 
Wako), the plates were incubated with block- 
ing buffer (5% skim milk in carbonic acid bu- 
ffer; 190-12865, FUJIFILM Wako) for 90 min at 
room temperature (RT). After three additional 
washes with the washing buffer, 50 μl of sam-
ples were added to each well. These included 
ECRG4 peptide (AUGRIN precursor [71-148] 
and prepro-AUGRIN [71-132] as positive con-
trols, 1 ng/mL; 012-25A and 012-26A, Phoe- 
nix Pharmaceuticals), plasma (diluted 1:2), and 

CSF (diluted 1:2), all prepared in assay buffer 
(2.5% skim milk in washing buffer). The plates 
were then incubated for 90 min at RT. 

After five washes, the wells were incubated 
with primary antibody OB1264 (1 μg/ml in 
assay buffer) for 60 min at RT. Subsequently, 
following three washes, the wells were incubat-
ed in the dark with goat anti-rabbit IgG-HRP 
(1:1000, 1706515, Bio-Rad) diluted in assay 
buffer for 60 min at RT. After five washes, TMB 
substrate solution (5120-0077, KPL) was add- 
ed and incubated in the dark for 30 min at RT. 
The reaction was stopped by adding sulfuric 
acid, and the absorbance was measured at 
450 nm using a Benchmark microplate reader 
(170-6750, Bio-Rad). The optimal concentra-
tions of the capture and detection antibodies 
were determined experimentally (Figure S1B, 
S1C).

The standard curve was described by the equa-
tion: y = 0.0723x + 0.0323, where y denotes 
the signal intensity and x represents the pep-
tide concentration. Based on a background  
signal of 0.05, the limit of quantification was 
approximately 0.25 μg/mL.

Expression vectors 

Mouse Ecrg4 fragments (amino acids 32-70 
and 71-132) were amplified from pCMS-EGFP-
mEcrg4 [11] using KOD plus-Ver.2 DNA poly-
merase in accordance with the supplier’s gui- 
delines (KOD-211, TOYOBO). The amplified frag-
ments were subsequently inserted into pFUSE-
hIgG1Fc2 (pfc1-hg1e2, InvivoGen) to generate 
pFUSE-mEcrg4 (32-70)-hIgG1Fc2 and pFUSE-
mEcrg4 (71-132)-hIgG1Fc2. For fragment 133-
148, complementary sense and antisense oli-
gonucleotides were annealed and inserted  
into pFUSE-hIgG1Fc2, yielding pFUSE-mEcrg4 
(133-148)-hIgG1Fc2. Details regarding all oli- 
gonucleotide DNA primers are provided in Table 
S3. All constructs were verified by DNA sequ- 
encing using the BigDye Terminator Kit v3.1 
(4337455, Thermo Fisher) and a 3130xl Gene- 
tic Analyzer (Thermo Fisher).

Cell culture 

HEK293T cells (RCB2202, RIKEN BRC) were 
grown in DMEM (044-29765, FUJIFILM Wako) 
supplemented with 10% fetal calf serum (FCS; 
S1580, BioWest), 1% penicillin, and streptomy-
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cin (26253-84, Nacalai Tesque). Rat primary 
OLG precursor cells (OPCs) were prepared and 
cultured as previously described [23]. OLGs 
were differentiated from OPCs by mitogen de- 
pletion, as previously reported [23]. Neurons 
were derived from ReN cells, a human neural 
precursor cell line (SCC008, Merck), following 
established protocols [24]. The MTT assay 
(V13154, Thermo Fisher) was used to assess 
cell proliferation [25]. 

Immunocytochemistry 

Immunocytochemical staining was performed 
as described previously [11, 26]. HEK293Ts 
were transfected with expression vectors using 
polyethylenimine (23966-1, Polyscience), fol-
lowing the method described previously [27].  
At 72 h post-transfection, cells were fixed with 
2% paraformaldehyde in PBS (158127, Merck) 
for 10 min at RT, followed by incubation in 
blocking buffer consisting of 50% FCS and 
0.3% Triton X-100 (T8787, Merck) in PBS for  
30 min at RT. Cells were then incubated with 
primary antibodies (1 μg/ml), either 2A8 or 
OB1264, diluted in blocking buffer for 2 h at  
RT. Human, mouse, and rabbit Fc fragments 
were detected using Alexa Fluor 488-conjugat-
ed goat anti-human IgG (1:1000, A11013, 
ThermoFisher) and Alexa 594-conjugated goat 
anti-mouse or rabbit IgG (1:1000, A11032 or 
A-11012, respectively, ThermoFisher).

Cell death was evaluated using a rabbit anti-
cleaved caspase 3 antibody (1:1000, #9664, 
Cell Signaling Technology), followed by Alexa 
Fluor 488-conjugated goat anti-rabbit IgG 
(1:1000, A11008, ThermoFisher), as describ- 
ed previously. Nuclei were counterstained  
with Hoechst 33342 (1 μg/ml, R37605, Ther- 
moFisher), and fluorescence images were cap-
tured using an AxioImager M1 microscope 
(430004-9901, Zeiss).

Western blotting (WB)

WB was performed as previously describ- 
ed [28]. Briefly, HEK293T cells were trans- 
fected with expression vectors (pFUSE-hIgG1- 
Fc2, pFUSE-mEcrg4 (32-70)-hIgG1Fc2, pFUSE-
mEcrg4 (71-132)-hIgG1Fc2, and pFUSE-mEcrg4 
(133-148)-hIgG1Fc2) employing EndoFectin as 
per the manufacturer’s guidelines (EF013, 
GeneCopoeia). At 72 h post-transfection, cell 
lysates were prepared in RIPA buffer, subject- 

ed to electrophoresis, and transferred onto a 
Hybond-P membrane (GE10600100, Amersh- 
am). The membranes were incubated with  
primary antibodies against Ecrg4 (1 μg/ml; 
OB1264 or 2A8) and GAPDH (1:1000; MAB374, 
Chemicon). Signals were detected using HRP-
conjugated secondary antibodies, including 
goat anti-mouse IgG (1:5000, sc-2005, Santa 
Cruz Biotechnology), goat anti-rabbit IgG, and 
goat anti-human IgG (A120-101P and A80-
118P, Bethyl Laboratories). Protein bands were 
visualized using an ECL system (RPN2109, 
Amersham), and images were acquired using  
a ChemiDoc MP Imaging System (12003154, 
Bio-Rad).

Aβ40 and Aβ42 ELISA assay 

The concentrations of Aβ40 and Aβ42 in plas-
ma and CSF were measured using Human/Rat 
β Amyloid 40 and 42 ELISA Kits (294-62501, 
290-62601, FUJIFILM Wako), according to the 
supplier’s protocol. Representative standard 
curves for Aβ40 and Aβ42 are shown in Figure 
S1D and S1E, respectively. 

RNA sequencing analysis of plasma from de-
mentia, MCI, and non-dementia patients

Total RNA, including miRNA, was isolated from 
mixed plasm samples from ECRG4-positive  
and -negative AD patients using the miRNeasy 
Plasma/Serum Kit (217004, QIAGEN). RNA 
samples was subsequently subjected to RNA 
sequencing analysis (Eurofins, Figure S3). 
Differential gene expression analysis was per-
formed using iDEP to identify genes with signifi-
cantly altered expression levels among the 
groups [30].

Quantitative reverse-transcription PCR (RT-
qPCR)

Total RNA was extracted from plasma, culture 
supernatants, and cells using the miRNeasy kit 
for plasma/serum and the mirVana miRNA iso-
lation kit (AM1560, ThermoFisher), respective-
ly, following the manufacturers’ instructions. 
Total RNA extracted from plasma and culture 
supernatants were reverse-transcribed into 
cDNA using the QuantiTect Reverse Transcrip- 
tion Kit (204143, QIAGEN), while total RNA  
from the cells was reverse-transcribed using 
the ReverTra Ace qPCR RT Kit (FSQ-201, 
TOYOBO). Additionally, small RNAs, including 
miRNAs and piRNAs, were reverse-transcribed 
using the miRCURY LNA Kit (339320, QIAGEN).



ECRG4 as a novel diagnosis marker for AD with OLG dysfunction

3769	 Am J Transl Res 2026;18(5):3765-3782

Real-time PCR was performed on a StepOne- 
Plus system (4376600, Thermo Fisher) us- 
ing THUNDERBIRD SYBR qPCR Mix (QPS-201, 
TOYOBO) for mRNA analysis and the miRCURY 
LNA miRNA PCR assay (339306, QIAGEN) for 
let-7b (YP00204750). The PCR conditions for 
mRNAs were as follows: initial denaturation at 
95°C for 1 min; 40 cycles of 95°C for 15 s, and 
60°C for 30 s. For let-7b: 95°C for 2 min; 40 
cycles of 95°C for 10 s, and 56°C for 1 min. 
Relative RNA expression levels were calculated 
using the ∆∆Ct method, with normalization to 
let-7b for plasma and culture supernatants, 
and to 18S rRNA for cellular samples. Primer 
sequences are provided in Table S3.

Preparation of brain and plasma from mice 
injected with ECRG4 (71-107) 

ECRG4 (71-107) peptide was synthesized by GL 
Biochem (Shanghai) Ltd. Five microliters of 
either ECRG4 (71-107) solution (20 μM in 1% 
DMSO-PBS) or 1% DMSO-PBS alone (DMSO, 
D4540, Sigma) was administered into the brain 
parenchyma of 8-10-week-old C57BL/6 mice 
on alternate days, totaling five injections, as 
previously described [26]. Two days after the 
final injection, mice were euthanized, and brain 
tissues and blood samples were collected. 
Brain tissues were embedded in Tissue-Tek 
OCT compound (4583, Miles) and stored at 
-80°C, and plasma was prepared using stan-
dard procedures. Sagittal brain sections (14 
µm thick) brains were prepared and immuno- 
labeled with mouse anti-galactocerebroside 
(GalC) (supernatant, diluted 1:10) for OLGs 
[31], mouse anti-CD31 (Abcam, ab24590) for 
endothelial cells, and goat anti-PDGFRα (5  
µg/ml, Neuromics, GT15150) for OPCs. Extra- 
vascular mouse IgG (ExV-IgG) signal was calcu-
lated by subtracting intravascular IgG signals 
from total IgG signal and quantified using 
ImageJ software (version 1.52a).

Immunohistochemistry

Immunohistochemistry was performed on par-
affin-embedded human hippocampal sections 
(6 μm thick), as previously described [26, 28]. 
In brief, sections were subjected to antigen 
retrieval using HistoVT One (06578-55, Naca- 
lai Tesque) according to the manufacturer’s 
instructions, followed by permeabilization with 
0.3% Triton X-100/PBS. After blocking with 2% 
skim milk and 0.3% Triton X-100 in PBS for 1 h, 

sections were incubated with primary antibo- 
dies at 4°C for 16 h. The following primary  
antibodies were employed: mouse anti-CD31 
(ab24590, Abcam), goat anti-PDGFRα (5 µg/ 
ml, GT15150, Neuromics), UEA-I-Biotin (0.1 µg/
ml, J219, J-OIL MILLS) for human endothelial 
cells, mouse anti-NG2 (10 µg/ml, MAB2585, 
R&D), and chick anti-glial fibrillary acidic protein 
(GFAP) (1:200, NBP1-05198, Novus Biologi- 
cals). Signals were detected using appropriate 
secondary antibodies, including Alexa 488- 
conjugated goat anti-mouse and anti-human 
IgG (1:1000, A11001 and A11013, Thermo- 
Fisher), Alexa 594-conjugated goat anti-mo- 
use, anti-rabbit, and anti-chick IgG (1:1000, 
A11032, A-11012 and A11042, ThermoFisher), 
Alexa 594-conjugated donkey anti-goat IgG 
(1:1000, A11058, ThermoFisher), Alexa 647- 
conjugated goat anti-mouse IgG (1:1000, 
A21235, ThermoFisher), and streptoavidine-
Cy5 (0.5 μg/ml, 016-170-084, Jackson Immu- 
noResearch). 

Statistics 

Statistical analyses were conducted using 
GraphPad Prism and SPSS software. Data  
were presented as the mean ± standard de- 
viation (SD). For comparisons between two 
groups, unpaired two-tailed Student’s t-tests 
were applied, whereas one-way analysis of va- 
riance (ANOVA) followed by Tukey’s post-hoc 
test was employed for comparisons among 
multiple groups, unless otherwise noted in the 
figure legends. Normality of the data distribu-
tion was determined by the Shapiro-Wilk test. 
As key variables (ECRG4, Aβ40, Aβ42, and the 
Aβ42/Aβ40 ratio) did not follow a normal distri-
bution, Spearman’s rank correlation analysis 
was applied to evaluate their associations. To 
investigate whether plasma ECRG4 indepen-
dently predicts AD, binary logistic regression 
analysis was performed using the enter meth-
od, with adjustment for Aβ40, Aβ42, Aβ42/
Aβ40 ratio, age, and sex. Results were report- 
ed as odds ratios (OR) with 95% confidence 
intervals (CI). Diagnostic accuracy was assess- 
ed using receiver operating characteristic (ROC) 
curve analysis, and the area under the curve 
(AUC) was calculated. A combined model incor-
porating ECRG4, the Aβ42/Aβ40 ratio, and age 
was utilized to assess the incremental predic-
tive value of ECRG4.
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Results

Establishment of a novel sandwich ELISA for 
quantifying human ECRG4 

To establish a novel sandwich ELISA for quan- 
tifying ECRG4, we developed four distinct 
mouse anti-ECRG4 antibodies (3B4, 2A8, 1H4, 
and 1A3), each targeting specific regions of the 
ECRG4 protein (Figure S1A). Various combina-
tions of these mouse Abs with a rabbit anti-
ECRG4 Ab (OB1264) were evaluated to identify 
the optimal antibody pair for detecting ECRG4 
(71-148), corresponding to the AUGURIN pre- 
cursor. 

As illustrated in Figure S1B, ECRG4 (71-148) 
was detected in a dose-dependent manner 
when OB1264 served as the detection anti-
body in combination with either 1H4 or 2A8 as 
the capture antibody. In contrast, no signal  
was observed when OB1264 was paired with 
either 3B4 or 1A3. Notably, the combination of 
OB1264 and 2A8 produced a stronger signal 
than that of OB1264 and 1H4, and was there-
fore selected for subsequent ELISA develop-
ment. Furthermore, we observed that the com-
bination of 2A8 and OB1264 (both at 1 μg/ml) 
demonstrated higher sensitivity in detecting 
ECRG4 (71-132) peptide compared with ECRG4 
(71-148) (Figure S1C). Consequently, ECRG4 
(71-132) was selected as the positive control 
for the assay. 

To verify the specificity of these Abs, WB and 
immunocytochemical analyses were perform- 
ed using HEK293T cells expressing ECRG4 
fragments (32-70, 71-132, and 133-148), ea- 
ch fused with human IgG (hIgG). As shown in 
Figure S2A, both OB1264 and 2A8 success- 
fully detected the ECRG4 (71-132)-hIgG fusion 
protein, with no detectable reactivity in the 
other fusion constructs. Consistently, immuno-
cytochemical analysis demonstrated that both 
antibodies specifically labeled cells overex-

pressing ECRG4 (71-132)-hIgG, without de- 
tectable staining in cells expressing other con-
structs (Figure S2B, S2C). These results in- 
dicate that a novel ELISA for ECRG4 quanti- 
fication was successfully established using 
2A8 as the capture antibody and OB1264 as 
the detection antibody, utilizing the combina-
tion of OB1264 and 2A8. 

Elevated plasma ECRG4 levels in patients with 
MCI and AD 

Plasma ECRG4 concentrations in individuals 
with dementia (including both AD and non-AD 
types, as specified in Table S1), MCI, and non-
dementia neurological disorders (Table S2)  
was quantified using the established ELISA. 
ECRG4 was detectable across all diagnostic 
categories. Among dementia patients, 50% 
(79/159) were ECRG4-positive, compared with 
25% (7/28) in the MCI group and 5% (4/80)  
in the non-dementia group (Table 1). Within  
the dementia cohort, ECRG4-positivity was 
observed in 49% (33/68) of males and 51% 
(46/91) of females. Among MCI patients, the 
positivity rates were 9% (1/11) in males and  
35% (6/17) in females. Stratified by diagnosis, 
47% (61/129) of AD patients and 60% (18/ 
30) of non-AD dementia patients were ECRG4-
positive. Within the AD group, ECRG4 detec- 
tion rates were 44% (24/54) in males and 49% 
(37/75) in females. 

Furthermore, we observed a correlation be- 
tween ECRG4 positivity and disease severity 
reflected by MMSE score [29-31]. Patients with 
MMSE scores < 23 exhibited a higher ECRG4 
positivity rate (34%) compared with individuals 
with MCI (MMSE 24-27), in whom the positi- 
vity rate was 13% (Table 2). These findings sug-
gest that plasma ECRG4 may reflect disease 
severity. 

Mean plasma ECRG4 levels were 0.85 ng/ml  
in MCI (males: 0.45, females: 1.18), 1.00 ng/

Table 1. Percent of ECRG4-positive patients with dementia, mild cognitive impairment (MCI) and non-
dementia with neurological disorders
Diagnosis Total Male Female
Dementia Alzheimer’s disease (AD) 47.3% (61/129) 44.4% (24/54) 49.3% (37/75)

Non-AD 60% (18/30) 64.3% (9/14) 56.3% (9/16)
MCI 25% (7/28) 9.1% (1/11) 35.3% (6/17)
Non-dementia 5% (4/80) 10% (4/40) 0% (0/40)
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Table 2. Mini Mental State Examination (MMSE) distribution of the dementia and MCI patients with 
increased plasma-ECRG4
Cognitive functioning tests Total Male Female
MMSE ≤ 23 34.3% (23/67) 32.1% (11/21) 38.9% (12/46)
MMSE 24-27 12.9% (4/31) 16.7% (2/12) 10.5% (2/19)
MMSE ≥ 28 22.2% (4/18) 10.0% (1/10) 37.5% (3/8)

ml in AD (males: 1.02, females: 0.99), 0.37 ng/
ml in non-AD dementia (males: 0.44, females: 
0.31), and 0.08 ng/ml in non-dementia pa- 
tients (males: 0.15, females: 0) (Figure 1A, 1B). 
Notably, ECRG4 was undetectable in the plas-
ma of healthy controls (data not shown). In- 
creased Aβ formation in the brain parenchyma 
is known to reduce Aβ40 and Aβ42 levels in  
the plasma and CSF of patients with AD [32, 
33]. In plasma, the mean plasma Aβ40 levels 
were 82 pmol in MCI patients (males: 90 pmol, 
females: 77 pmol), 85 pmol in AD (males: 87 
pmol, females: 84 pmol), and 71 pmol in non-
AD dementia (males: 69 pmol, females: 74 
pmol), compared with 105 pmol in non-demen-
tia controls (males: 99 pmol, females: 111 
pmol). Similarly, mean plasma Aβ42 levels were 
10.5 pmol in MCI (males: 12.8 pmol, females: 
9.1 pmol), 9.7 pmol in AD (males: 9.6 pmol, 
females: 9.8 pmol), and 7.2 pmol in non-AD 
dementia (males: 6.9 pmol, females: 7.4 pmol), 
compared with 11.5 pmol in non-dementia  
individuals (males: 10.4 pmol, females: 12.6 
pmol) (Figure 1C-F). These findings indicate a 
consistent reduction of both Aβ40 and Aβ42 
levels in dementia and MCI groups relative  
to non-dementia controls. Although the Aβ42/
Aβ40 ratio is generally expected to decrease  
in patients due to preferential aggregation of 
Aβ42 [32, 33], there were no significant differ-
ences in the plasma Aβ42/Aβ40 ratio among 
the groups (Figure 1G, 1H). 

In CSF, both Aβ40 and Aβ42 levels were lower 
in MCI, AD, and non-AD patients compared with 
non-dementia controls. Specifically, the mean 
CSF Aβ40 levels were 900 pmol for MCI group 
(males: 923 pmol, females: 885 pmol), 909 
pmol for AD group (males: 899 pmol, fema- 
les: 916 pmol), 1,029 pmol for non-AD group 
(males: 1,021 pmol, females: 1,037 pmol), and 
1,154 pmol for non-dementia group (males: 
1,245 pmol, females: 1,063 pmol); and the 
mean Aβ42 levels were 104 pmol for MCI 
(males: 120 pmol, females: 94 pmol), 107 pmol 
for AD (males: 109 pmol, females: 106 pmol), 

129 pmol for non-AD (males: 137 pmol, fe- 
males: 121 pmol), and 152 pmol for non-de- 
mentia (males: 171 pmol, females: 134 pmol) 
(Figure 2A-D). However, the CSF Aβ42/Aβ40 
ratio did not differ significantly among groups 
(Figure 2E, 2F). Additionally, ECRG4 levels in 
CSF remained stable across diagnostic catego-
ries (Figure 2G, 2H).

Spearman correlation analyses revealed that 
plasma ECRG4 levels were significantly nega-
tively correlated with Aβ40 (ρ = -0.437, P < 
0.001), Aβ42 (ρ = -0.455, P < 0.001), and the 
Aβ42/Aβ40 ratio (ρ = -0.305, P < 0.001) (Table 
S4; Figure 3A-C). Conversely, strong positive 
correlations were observed between Aβ40 and 
Aβ42, as well as between these biomarkers 
and the Aβ42/Aβ40 ratio (ρ = 0.703, P < 0.001; 
ρ = 0.150, P = 0.014) (Table S4). No signifi- 
cant correlation was detected between CSF 
ECRG4 levels and amyloid biomarkers (Aβ40, 
Aβ42, or Aβ42/Aβ40 ratio) (Table S5). 

To evaluate the predictive value of plasma 
ECRG4, multivariate logistic regression analy-
sis was performed. ECRG4 (P = 0.001, OR = 
2.253), Aβ40 (P = 0.001, OR = 0.925), Aβ42  
(P = 0.001, OR = 2.040), Aβ42/Aβ40 ratio (P = 
0.007, OR < 0.001), and age (P < 0.001, OR = 
1.091) were identified as independent predic-
tors of AD (Figure 3D, 3E).

ROC curve analysis further demonstrated that 
plasma ECRG4 alone yielded an area under the 
curve (AUC) of 0.62 (95% CI: 0.5569), indicat- 
ing moderate discriminatory capability (Figure 
4A). However, traditional amyloid biomarkers 
(Aβ40, Aβ42, and their ratio) in CFS samples 
demonstrated higher discriminatory capability 
compared with ECRG4 (Figure 4B). Importantly, 
integrating ECRG4 with the Aβ42/Aβ40 ratio 
increased the AUC to 0.70, and the further 
inclusion of age in this multivariate model ele-
vated the AUC to 0.80 (Figure 4C), demonstrat-
ing enhanced diagnostic performance. 
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Figure 1. Esophageal cancer related gene 4 (ECRG4), Amyloid beta (Aβ)40, and Aβ42 concentrations in the plasma 
of dementia, mild cognitive impairment (MCI), and non-dementia patients. (A) ECRG4 concentrations in the plasma 
of patients categorized as non-dementia (non-D, white column), MCI (dark gray column), AD (black column), and 
non-AD (light gray column). (B) Sex-disaggregated quantitative data corresponding to (A). (C) Aβ40 concentration 
in the plasma of individuals classified as non-D, MCI, AD, and non-AD. (D) Sex-disaggregated quantitative data 
corresponding to (C). (E) Aβ42 concentration in the plasma of individuals classified as non-D, MCI, AD, and non-
AD. (F) Sex-disaggregated quantitative data corresponding to (E). (G) Aβ42/Aβ40 ratio in the plasma of individuals 
classified as non-D, MCI, AD, and non-AD. (H) Sex-disaggregated quantitative data corresponding to (G). A one-way 
ANOVA was used to compare plasma ECRG4, Aβ40, Aβ42 concentrations, and the Aβ42/Aβ40 ratio among the 
non-dementia group, MCI group, AD group, and non-AD group. Before performing Analysis of Variance (ANOVA), we 
verified the normality of the data using the Shapiro-Wilk test and confirmed the homogeneity of variance among the 
groups using the Levene test. Subsequently, Dunnett’s test was used for post hoc multiple comparisons, with the 
non-dementia group as a common reference group. All error bars represent the standard deviation (SD). P values 
are indicated for data showing significant differences from the non-D group. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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Figure 2. Concentration of ECRG4, Aβ40 and Aβ42 in Cerebrospinal fluid (CSF) of dementia, MCI and Non-dementia 
patients. (A) Aβ40 concentration in the CSF of patients with Non-D, MCI, AD and Non-AD. (B) Sex-disaggregated 
quantitative data from (A). (C) Aβ42 concentration in the CSF of patients with Non-D, MCI, AD and Non-AD. (D) Sex-
disaggregated quantitative data from (C). (E) Aβ42/Aβ40 ratio in CSF of patients with Non-D, MCI, AD and Non-AD. 
(F) Sex-disaggregated quantitative data from (E). (G) ECRG4 concentration in CSF of patients with Non-D, MCI, AD 
and Non-AD. (H) Sex-disaggregated quantitative data from (G). Error bar: ± SD. A one-way ANOVA was used to com-
pare plasma ECRG4, Aβ40, Aβ42 concentrations, and the Aβ42/Aβ40 ratio among the non-dementia group, MCI 
group, AD group, and non-AD group. Before performing ANOVA, we verified the normality of the data using the Sha-
piro-Wilk test and confirmed the homogeneity of variance among the groups using the Levene test. Subsequently, 
Dunnett’s test was used for post hoc multiple comparisons, with the non-dementia group as a common reference 
group. Error bars represent ± SD. P values are indicated for data showing significant differences from the non-D 
group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. Association between plasma ECRG4 levels and AD biomarkers 
and disease status. Scatter plots illustrating the Spearman correlation of 
plasma ECRG4 levels with (A) Aβ40, (B) Aβ42, (C) Aβ42/Aβ40 ratio, and (D) 
age (years). Each panel displays Spearman’s *r* and the corresponding 
*p*-values. (E) Table presenting the odds ratios (ORs) and 95% confidence 
intervals (CIs) for each variable included in the multivariate logistic regres-
sion model, comparing the MCI and AD groups with the non-dementia and 
non-AD control groups. The model was adjusted for all variables.

In summary, plasma ECRG4 levels are elevat- 
ed in patients with MCI and AD, are inversely 
associated with amyloid biomarkers, and pro-
vide incremental diagnostic value when com-
bined with established markers. Therefore, 
ECRG4 may serve as a promising peripheral 
biomarker for early detection and risk stratifica-
tion of MCI and AD. 

ECRG4 (71-107) diminished extracellular 
CHST3 mRNA by inducing apoptosis in oligo-
dendrocytes 

Given that ECRG4 was detectable in approxi-
mately half of AD patients, we conducted a 
comparative analysis between ECRG4-positive 
and ECRG4-negative individuals. RNA sequ- 
encing of plasma samples identified several  
RNAs that were differentially expressed be- 
tween the two groups (Figure S3). Our research 
focused on circulating mRNAs, as they facilitate 

functional interpretation and 
inference of their cellular ori-
gins compared with other RNA 
types. Using iDEP analysis, th- 
ree genes - solute carrier fa- 
mily 46 member 3 (SLC46A3), 
carbohydrate sulfotransferase 
(CHST3), and tetratricopeptide 
repeat domain 39A (TTC39A) - 
were identified as significantly 
downregulated in ECRG4-po- 
sitive patients compared to 
ECRG4-negative patients (Fi- 
gures 5A, S4). These expres-
sion patterns were validated 
using RT-qPCR (Figure 5B).

According to the Human Pr- 
otein Atlas (HPA), SLC46A3 
and TTC39A are predomin- 
antly expressed in neurons, 
whereas CHST3 is expressed 
in both OLGs and OPCs [34]. 
This observation aligns with 
previous reports indicating th- 
at both neurons, particularly 
GABAergic neurons, and OLGs 
are compromised in the brains 
of AD patients [35].

To assess the impact of ECRG4 
on neural cell populations, 
neurons and OLG lineage cells 

were cultured in the presence of various 
ECRG4-derived peptides, and cell viability was 
assessed using the MTT assay. While none  
of the peptides affected neuronal survival, 
ECRG4 (71-107) induced cell death in OLG lin-
eage cells (Figure 5C). To further evaluate the 
cytotoxicity of ECRG4 (71-107) in these cells, 
OLGs and OPCs were cultured separately with 
ECRG4 (71-107), followed by immunostaining 
for cleaved caspase 3 (Casp3), an apoptosis 
marker. Our results showed that ECRG4 (71-
107) selectively induced apoptosis in OLGs but 
not in OPCs (Figure 5D, 5E). 

Subsequently, we examined whether ECRG4 
(71-107) affected Chst3 mRNA levels. OPCs 
and OLGs were cultured separately in the pres-
ence of DMSO or peptides, and Chst3 mRNA 
levels were measured in both cell lysates (Figu- 
re 5F) and culture supernatant (Figure 5G) us- 
ing RT-qPCR. Our findings demonstrated that 
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Figure 4. The integration of plasma ECRG4 with amyloid biomarkers significantly enhances diagnostic accuracy. Re-
ceiver operating characteristic (ROC) curves were developed to evaluate and compare the diagnostic performance 
of plasma ECRG4, Aβ42/Aβ40 ratio, and their combination in distinguishing patients with AD from non-dementia 
controls. A. ROC curves for individual markers in plasma samples. B. ROC curves for individual markers in CSF 
samples. C. ROC curves for combination models in plasma, incorporating ECRG4 with Aβ42/Aβ40 ratio, and age. 
The area under the curve (AUC) values are shown in the plot.

ECRG4 (71-107) significantly reduced Chst3 
mRNA levels in OLGs but not in OPCs. Similarly, 
ECRG4 (71-107) decreased Chst3 mRNA levels 
in the supernatant of OLGs, but not in the su- 
pernatant of OPCs. Although both OPCs and 
OLGs express Chst3 mRNA, the levels detected 
in the OPC culture supernatants were markedly 
lower than those in the OLG cultures, suggest-
ing that OLGs are the primary source of circulat-
ing CHST3 mRNA. These findings collectively 
suggest that ECRG4 (71-107) induces apopto-

sis in OLGs, contributing to a reduction in ex- 
tracellular CHST3 mRNA levels. This decrease 
may reflect OLG injury and could serve as a pa- 
ssive biomarker associated with AD pathology. 

Intracranial administration of ECRG4 (71-107) 
reduced plasma Chst3 levels and induced 
blood-brain barrier (BBB) disruption

We subsequently explored the effects of ECRG4 
(71-107)-induced OLG cytotoxicity on plasma 
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Figure 5. Cytotoxicity of ECRG4 (71-107) toward oligodendrocytes. (A) Expression levels of three candidate genes, 
Solute carrier family 46 member 3 (SLC46A3), Carbohydrate sulfotransferase 3 (CHST3), and Tetratricopeptide 
repeat domain 39A (TTC39A), along with the control microRNA let-7b, were analyzed in ECRG4-positive and -nega-
tive plasma using RNA-seq. UMIs: Unique Molecular Identifiers. (B) Expression of SLC46A3, CHST3, and TTC39A in 
ECRG4-positive (black) and -negative (white) plasma was measured by RT-qPCR. (C) The proportion of proliferating/
surviving neurons (upper figure) and oligodendrocyte lineage cells (lower figure) was assessed in cultures treated 
with ECRG4 peptides: 42-70 (circle), 71-107 (triangle), 108-132 (square), and 133-148 (diamond). (D) Nuclei were 
counterstained with Hoechst 33342 (blue). Immunofluorescence images of oligodendrocyte precursor cells (OPCs) 
and oligodendrocytes (OLGs) treated with Dimethyl sulfoxide (DMSO) or peptide 71-107, showing A2B5 (green), Ga-
lactocerebroside (GalC) (red), and Cleaved Caspase 3 (Casp3) (purple). Arrows denote Casp3-positive cells. Scale 
bar: 100 μm. (E) The percentages of cleaved Casp3-positive cells, OPCs, and OLGs were assessed in cultures 
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levels of ECRG4 (108-132) peptide fragment  
in AD patients. Seo et al. reported that OPCs 
respond to white matter injury and contribute 
to BBB disruption [36]. Similarly, Niu et al. 
found that OPCs in multiple sclerosis model 
mice aggregate around perivascular regions, 
increasing vascular permeability by compromis-
ing the BBB through a Wnt inhibitory factor 1 
(Wif1)-dependent mechanism [37]. Based on 
these findings, we hypothesized that OPC acti-
vation and perivascular clustering following 
ECRG4 (71-107)-induced OLG damage may 
compromise BBB integrity. 

To test this hypothesis, we introduced the  
peptide into the brain parenchyma of mice 
(Figure 6A). Immunofluorescence analysis was 
performed using markers for OLGs (GalC), 
endothelial cells (CD31), OPC (PDGFRα), and 
endogenous mouse IgG to assess BBB inte- 
grity. As shown in Figure 6B and 6C, peptide 
injection led to a significant reduction in GalC 
signal intensity by approximately 47%, indicat-
ing OLG loss or damage. Additionally, plasma 
Chst3 mRNA levels were reduced by approxi-
mately 32% in peptide-treated mice (Figure 
6D), consistent with findings in AD patients 
(Figure 5A, 5B).

Immunostaining revealed a notable increase  
in extravascular IgG (ExV-IgG) signals in pep-
tide-injected brains, indicating peptide-depen-
dent BBB disruption (Figure 6E-G). In parallel,  
a marked increase in PDGFRα+ OPCs was 
observed, with these cells clustering around 
blood vessels (BVs) (Figure 6H-J). Moreover,  
the extent of OPC clustering positively correlat-
ed with ExV-IgG signal intensity (Figure 6K). 
Collectively, in AD patients, ECRG4 (71-107)- 
induced OLG cytotoxicity, accompanied by re- 
duced plasma Chst3 levels and BBB impair-
ment, potentially associated with OPC activa-
tion and perivascular clustering.

Increased OPC number and perivascular clus-
tering in EAD 

To investigate OPC dynamic in human AD, 
immunohistochemical analyses were perform- 

ed on hippocampal sections from individuals 
with EAD, AD, and non-dementia controls, all 
possessing the APOE 3/3 genotype. OPCs, 
astrocytes, and endothelial cells were labeled 
using NG2, GFAP, and UEA1, respectively. Our 
findings showed an increase in both OPC num-
ber and OPC clusters - defined as aggregates  
of more than three cells - around BVs in EAD 
samples, similar to observations in the brains 
of ECRG4 (71-107)-injected mice (Figure 7A-C). 
In contrast, OPC numbers in AD patients were 
comparable to those in non-demented con-
trols. These findings suggest that OPC accu- 
mulation and clustering around BVs are sig- 
nificantly altered during AD progression. Fur- 
thermore, a reduction in GFAP+ astrocytes was 
observed in patients with AD (Figure 7D), indi-
cating that astrocytic impairment at later stag-
es of AD. This evidence supports the notion 
that OPC clustering-induced BBB breakdown 
facilitates ECRG4 peptide entry into the circu- 
lation in early AD.

Discussion 

In the present study, we identified a signifi- 
cant elevation of ECRG4 in the hippocampus  
of patients with EAD and AD (Lai Kit et al, 
unpublished observation), and subsequently 
developed a highly sensitive ELISA for ECRG4 
detection. This assay successfully detected 
ECRG4, particularly peptides containing the 
108-132 region, in the plasma of approxima- 
tely 25% of patients with MCI and 50% of  
those with AD. Notably, plasma ECRG4 levels 
were negatively correlated with Aβ biomar- 
kers. Furthermore, integration of ECRG4 with 
the Aβ42/Aβ40 ratio and age significantly 
enhanced diagnostic accuracy (AUC = 0.80)  
for distinguishing MCI and AD. Mechanistically, 
intracerebral injection of ECRG4 (71-107) in 
mice resulted in OLG cytotoxicity and BBB dis-
ruption, which are associated with OPC cluster-
ing around BVs. Similar pattern was observed 
in the hippocampus of EAD patients. Collec- 
tively, these findings suggest that elevated 
ECRG4 levels in the bloodstream may reflect,  
or be associated with, OLG injury and BBB dys-
function during EAD. 

treated with DMSO (white columns) or peptide 71-107 (black columns). (F) Relative expression of Chst3 was mea-
sured in OPC and OLG cells cultured with either DMSO alone (white column) or peptide 71-107 (black column). (G) 
Relative Chst3 mRNA levels were quantified in the supernatant of OPC and OLG cells cultured with DMSO (white 
column) or peptide 71-107 (black column). Error bars represent ± SD. Statistical significance was determined as 
follows: (B, E-G) for two-group comparisons, unpaired two-tailed t-tests were used. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001.
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Figure 6. Intracranial injection of ECRG4 (71-107) decreases galactocerebroside levels and induced Blood Brain 
Barrier (BBB) leakage with OPC clustering on blood vessels. (A) Schematic representation of the ECRG4 (71-107) 
injection site. (B) Representative images depicting immunoreactivity for GalC (green) in brains injected with either 
DMSO alone (left panels) or ECRG4 (71-107) (right panel). (C) Quantitative analysis of GalC+ area intensity in the 
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corpus callosum injected with either DMSO alone (white column) or ECRG4 (71-107) (black column). (D) Relative 
expression levels of Chst3 mRNA in the plasma of mice injected with either DMSO alone (white column) or ECRG4 
(71-107) (black column). (E) Representative images illustrating immunoreactivity for the endothelial marker CD31 
(green) and mouse immunoglobulin G (mIgG) (red) in mouse brains injected with either DMSO alone (left panels) or 
ECRG4 (71-107) (right panels). The lower panels show high-magnification images of the boxed area outlined by the 
white dotted line in the upper panels. (F) Representative images of extravascular mouse IgG (ExV-IgG) generated by 
removing endovascular IgG from whole IgG. (G) Quantitative data of ExV-IgG area per BV. (H) Representative images 
showing immunoreactivity for CD31 (green), the OPC marker platelet-derived growth factor receptor α (PDGFRα) 
(red), and IgG (purple) in brains injected with either DMSO alone (left panels) or ECRG4 (71-107) (right panels). Ar-
rows indicate the OPC clusters in the blood vessel (BV). (I) Percentage of PDGFRα+ cells, as shown in (H). (J) Percent-
age of BV with clustered OPC, as shown in (H). (K) Quantitative data of ExV-IgG area per number of OPC in a cluster 
on BV. All nuclei were counterstained with Hoechst 33342 (blue). Error bars represent ± SD. Statistical comparisons 
between the DMSO control and ECRG4 (71-107) treatment groups were performed using unpaired two-tailed t-tests 
for each independent experimental endpoint (C, D, G, I, J, and K). As each comparison tested a distinct, pre-planned 
hypothesis, no adjustment for multiple comparisons was applied. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. Scale: 100 μm.

Figure 7. OPCs transiently increased and formed clusters on BV in the hippocampus during EAD. A. Representa-
tive images depicting immunoreactivity for the OPC marker Neural-glial antigen 2 (NG2) (green), astrocyte marker 
glial fibrilary acidic protein (GFAP) (red), and endothelial-specific Ulex Europaeus Agglutinin 1 (UEA1) signal (purple) 
within the hippocampus of non-AD individuals (left panels), EAD individuals (middle panels), and AD individuals 
(right panels). The right panels for each sample show high-magnification images of the boxed area delineated by 
a white dotted line in the left panel. All nuclei were counterstained with Hoechst 33342 (blue). Scale: 100 μm. B. 
Quantification of NG2-positive cells per square millimeter in the gray matter of non-AD, EAD, and AD patients. C. 
Percentage of BV with clustered OPCs. D. Quantification of GFAP-positive cells per square millimeter in the gray mat-
ter of non-AD, EAD, and AD patients. Error bars represent ± SD. Statistical significance was assessed using one-way 
ANOVA, followed by Tukey’s test.
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Despite these findings, the cellular origin of 
ECRG4 in the brain remains unclear. Data from 
HPA indicate that ECRG4 is highly expressed  
in the choroid plexus (https://www.proteinat-
las.org/ENSG00000119147-ECRG4/brain). 
Consistent with this, Gonzalez et al. reported 
that ECRG4 cleavage in the choroid plexus is 
modulated by brain physiological status [38]. 
Accumulating evidence links choroid plexus 
functional defects to the development of AD 
[39]. Therefore, inhibiting ECRG4 production in 
the choroid plexus may represent a potential 
therapeutic strategy.

Previous studies have demonstrated that dis-
tinct ECRG4 peptides exhibit receptor-specific 
activities. The 71-132 fragment binds to oxi-
dized low-density lipoprotein receptor 1 (LOX-1), 
whereas the 133-148 binds to toll-like recep- 
tor 4 (TLR4), each independently inducing pro-
inflammatory factors such as IL-6 and TNFα via 
activation of the NF-κB signaling pathway in 
microglia [14, 15], thereby accelerating AD 
pathogenesis. In contrast, ECRG4 (71-107), 
which did not bind to either receptor, exerted 
cytotoxic effects on OLGs in our study. Further 
studies are needed to clarify how individual 
ECRG4 fragments promote AD development. 
Accumulating evidence suggests that OLG fun- 
ction and myelin impairment represent early 
events in AD development. Depp et al. demon-
strated that myelin dysfunction drives Aβ depo-
sition by inducing axonal swelling in AD models 
[40]. Similarly, Blanchard et al. showed that 
APOE4, a major genetic risk factor for AD, dis-
rupts cholesterol metabolism and impairs oli-
godendrocyte-mediated myelination, thereby 
contributing to neuronal dysfunction [41]. In 
conjunction with our findings, these studies 
suggest that preventing OLG damage may lead 
to novel therapeutic approaches for AD. 

Our study does not provide direct evidence  
linking the sequential events observed, namely 
ECRG4 (71-107)-induced OLG death, compen-
satory perivascular aggregation of OPCs, BBB 
disruption, and increased plasma levels of  
the ECRG4 (108-132) fragment, particularly in 
human samples. Therefore, future studies are 
required to clarify our hypothesis using target-
ed approaches, such as peptide neutraliza- 
tion, rescue of OLG viability, inhibition of OPC 
accumulation. 

This study has several limitations. First, the 
sample size, particularly for MCI, non-AD de- 

mentia, and healthy control groups, was rela-
tively small and unevenly distributed across 
groups, which may limit statistical power and 
generalizability. Validation in larger, multicen- 
ter cohorts are warranted. Second, the use of 
patients with other neurological disorders as 
control subjects may introduce confounding 
factors, as these conditions could involve sub-
tle BBB alterations or neuroinflammatory pro-
cesses. Third, there is no direct evidence de- 
monstrating that plasma levels of the ECRG4 
(108-132) fragment reflect the toxic effects  
of the ECRG4 (71-107) fragment in the brain. 
Finally, although our mechanistic findings pro-
vide insights into potential ECRG4-related path-
ways, they are preliminary and should be con-
sidered hypothesis-generating. As all experi- 
ments were conducted at a single institution 
using in-house reagents, further studies are 
needed to ensure reproducibility and consis-
tency across different laboratories. 

Future research should focus on determining 
whether alterations in plasma ECRG4 are spe-
cific to AD or indicative of a broader response to 
CNS injuries, such as cerebrovascular lesions 
or demyelinating disorders. These conditions 
may involve OLG damage or dysfunction of cho-
roid plexus, which is known for its high expres-
sion of ECRG4.
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Figure S1. Development of an ECRG4 ELISA system. A. Information on immunized peptides (dashed line) related to 
the human ECRG4 AA sequence. OB1264 was generated using the mouse Ecrg4 peptide. The differences between 
mouse and human ECRG4 AA sequences are indicated in bold. Mouse and rabbit Abs are shown at the top and bot-
tom of the AA sequence, respectively. The solid underline indicates the region of ECRG4 (71-132). ECRG4 (71-107) 
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as shown in red. B. Standard curves for detecting ECRG4 (71-148) using four combinations of capture Ab (3B4, 
1H4, 2A8 or 1A3) and detection Ab (OB1264). Each symbol indicates the approximate curve. C. Standard curves for 
detecting ECRG4 (71-132) using OB1264 (1 or 2 μg/ml) and 2A8 (1 (circle), 2 (triangle), 4 (square) or 8 (diamond) 
μg/ml). D. Representative standard curve for detecting Aβ40. E. Representative standard curve for detecting Aβ42. 
Formulas indicate the approximate curves. Error bar: ± SD.

Table S1. Classification of dementia and Mild cognitive impairment (MCI) patients
Patient age (years old) -40 41-50 51-60 61-70 71-80 81-
Dementia Alzheimer’s Disease (AD) M: 1 M: 1, F: 1 M: 10, F: 4 M: 10, F: 13 M: 23, F: 35 M: 9, F: 23

Normal pressure hydrocephalus (NPH) M: 1 M: 1, F: 1 M: 3, F: 1 M: 1, F: 1
Idiopathic NPH (iNPH) M: 2
Progressive nonfluent aphasia (PNFA) F: 1 F: 1
Progressive supranuclear palsy (PSP) F: 1 F: 1
Dementia with Lewy bodies (DLB) F: 1 M: 1
Frontotemporal lobar degeneration (FTLD) M: 1
Vascular dementia (VaD) F: 1
Neuronal intranuclear inclusion disease (NIID) F: 1
Others F: 1 M: 1, F: 1 M: 1, F: 1 M: 3, F: 4

MCI M: 1 M: 1, F: 6 M: 5, F: 10 M: 2, F: 2
Patients were categorized by diagnosis, gender (M: male, F: female) and age.
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Table S2. Classification of non-dementia patients with neurological disorders
Patient age 
(years old) -40 41-50 51-60 61-70 71-80 81-

Diagnosis myospasm: M1, myoclonus: F1, 
migraine: F1, syringomyelia: F1, 
hysteria: M1, limbic encephali-
tis: M1, myopathy: M1, Neuro-
myelitis optica: M1, epilepsy: 
M1, aseptic meningitis: M1, F1, 
psychogenic reaction: F1, epi-
sodic ataxia: M1, sarcoidosis: 
M1, neuro-Behcet: F1, tuber-
culous meningitis: M1, femoral 
neuropathy: F1, multiple 
cerebral infarction: F1, multiple 
sclerosis: F1, post-resuscitation 
encephalopathy: F1, myelopa-
thy: M1, fibromyalgia: F1

dystonia: F1, spastic para-
plegia: M1, multiple system 
atrophy: F1, Huntington’s 
disease: M1, encephalitis: 
M1, cervical dystonia: M1, 
Cervical cord sarcoidosis: 
M1, polymyositis: F1, dia-
betic peripheral neuropathy: 
M1, brachial neuritis: M1, 
neuro-Behcet: F1, immune-
mediated neuropathy: M1, 
syringomyelia: F1, Cavern-
ous vein sinus meninges: 
F1, hypothalamic lesion: F1

brachial plexus neuritis: 
M1, F1, thoracic myelopa-
thy: M1, leukoencepha-
lopathy: F1, aseptic men-
ingitis: F1, paraneoplastic 
neurological syndrome: 
M1, cerebellar ataxia: M1, 
peripheral neuropathy: F1, 
muscular dystrophy:F1, 
myopathy: M1, spastic 
paraplegia: M1, encepha-
lopathy: F1, cervical spon-
dylotic myelopathy: F1

hypertrophic pachymeningitis: 
M1, multiple system atrophy: 
M2, multiple cranial nerve 
palsy: M1, myelitis: F1, Muscle 
sarcoidosis: F1, neurosarcoidosis: 
F1, Sequelae of myelitis: F2, 
limbic encephalitis: F1, cerebel-
lar ataxia: M1, myelopathy: M2, 
spastic paraplegia: M1, alcoholic 
cerebellar atrophy: M1, cortico-
basal degeneration: F1, cerebral 
infarction sequelae: F1, Left lower 
limb weakness: M1, late-onset 
hypogonadism syndrome: M1

spondylosis 
deformans: F1, 
Pure akinesia: F1, 
Sensory neuropa-
thy: F1, multiple 
system atrophy: 
M1, myelitis: M1, 
dural arteriove-
nous fistula: F1, 
inclusion body 
myositis: M1

spastic paraple-
gia: M1, Multiple 
cranial nerve 
disorders: F1, 
motor neuron 
disease: F1, 
cranial polyneu-
ritis: F1

Table S3. Primer lists
PCR fragment the 5’ primer the 3’ primer
Esophageal cancer related gene 4 (Ecrg4) (32-70) TGATATCGAACAAACTCAAGAAGATGCTCC AAGATCTTCGTTTGGCACGCTTCAGG
Ecrg4 (71-132) TGATATCGCAGCTGTGGGACCGTACG AAGATCTGTGGGGACCAATGGCCGCA
Ecrg4 (133-148) ATCGAGCCGGGAAAGCTTCAGGCATGGAGCCAGTGT-

CAACTATAATGACTATA
GATCTATAGTCATTATAGTTGACACTGGCTCCATGCCT-
GAAGCTTTCCCGGCTCGAT

Solute carrier family 46 member 3 (SLC46A3) ACCACATTTTGGGGAGCTTG AGCCAGATGACAGTCCTGTT
Carbohydrate sulfotransferase 3 (CHST3) (Human) GCAGGGCAACATCTTCTACC CACAGGAAGAGCTGCTTGAG
Chst3 (rat) CAGAAGGCCCGAGAGATGTA AACTGCTCCGAGGAGTTCTT
Tetratricopeptide repeat domain 39A (TTC39A) CACACTTTCGAATCCAGGCA TCCAGCTGTCTCTGTCTTCC
18S CGGACAGGATTGACAGATTG CAAATCGCTCCACCAACTAA
Underline restriction enzyme site.
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Figure S2. Specificity of mouse and rabbit anti-ECRG4 Abs. (A) A set of Ecrg4-hIgG expression vectors (32-70, 71-
132 and 133-148) and the parental vector (None) were transfected into 293T cells. Cell extracts were harvested 
three days after transfection and then analyzed by Western blotting using anti-ECRG4 (OB1264 and 2A8), anti-hIgG 
and anti-GAPDH (loading control) antibodies. Figure displayed cropped blots of each data. (B, C) Representative 
photographs of transfected 293T cells with the Ecrg4-hIgG expression vectors immunostained with anti-Ecrg4, 2A8 
(B, red) and OB1264 (C, red) along with anti-hIgG (green). All nuclei were counterstained with Hoechst 33342 (blue). 
Scale bar: 100 μm.

Figure S3. RNA sequencing analysis of mixed plasma from ECRG4-positive and -negative AD patients. A. Levels 
of miRNA and piRNA in the plasma of patients. B. Levels of tRNA in the plasma of patients. C. Levels of mRNA in 
the plasma of patients. D. Levels of other RNA in the plasma of the patients. E. Relative levels of three candidate 
piRNAs, piR000765, piR008112 and piR008113 in ECRG4-positive and -negative serums. The expression was 
normalized using let7b as an internal control. Statistical significance was determined by the t test. ***P < 0.001. 
UMIs: Unique Molecular Identifiers. ECRG4-positive and -negative plasma samples are presented in blue and red, 
respectively.



ECRG4 as a novel diagnosis marker for AD with OLG dysfunction

6	

Table S4. Spearman correlation coefficients among variables in plasma samples (N = 267)
Variables Sex ECRG4 Aβ40 Aβ42 Aβ42/Aβ40 Age
Sex ρ - -0.045 0.017 -0.009 -0.008 -0.118
p (two-tailed) - 0.466 0.781 0.889 0.891 0.054
ECRG4 ρ -0.045 - -0.437*** -0.455*** -0.305*** 0.152*
P 0.466 - < 0.001 < 0.001 < 0.001 0.013
Aβ40 ρ 0.017 -0.437*** - 0.703*** 0.15* 0.103
P 0.781 < 0.001 - < 0.001 0.014 0.092
Aβ42 ρ -0.009 -0.455*** 0.703*** - 0.751*** 0.084
P 0.889 < 0.001 < 0.001 - < 0.001 0.172
Aβ42/Aβ40 ρ -0.008 -0.305*** 0.15* 0.751*** - -0.011
P 0.891 < 0.001 0.014 < 0.001 - 0.863
Age ρ -0.118 0.152* 0.103 0.084 -0.011 -
P 0.054 0.013 0.092 0.172 0.863 -
Significance, *P < 0.05, ***P < 0.001.

Table S5. Spearman correlation coefficients among variables in CSF samples (N = 200)
Variables Sex ECRG4 Aβ40 Aβ42 Aβ42/Aβ40 Age
Sex ρ - -0.061 -0.103 -0.211** -0.164* 0.13
p (two-tailed) - 0.387 0.147 0.003 0.021 0.066
ECRG4 ρ -0.061 - 0.032 0.024 0.04 -0.049
P 0.387 - 0.657 0.732 0.576 0.488
Aβ40 ρ -0.103 0.032 - 0.673*** -0.016 -0.203**
P 0.147 0.657 - < 0.001 0.818 0.004
Aβ42 ρ 0.211** 0.024 0.673*** - 0.675*** 0.259***
P 0.003 0.732 < 0.001 - < 0.001 < 0.001
Aβ42/Aβ40 ρ 0.164* 0.04 -0.016 0.675*** - -0.136
P 0.021 0.576 0.818 < 0.001 - 0.055
Age ρ 0.13 -0.049 -0.203** 0.259*** -0.136 -
P 0.066 0.488 0.004 < 0.001 0.055 -
Significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S4. iDEP analysis of the RNA sequencing data. Hierarchical clustering identified three genes, TTC39A, CHST3, 
and SLC46A3, which were decreased in the serum of ECRG4+ patients compared to that of ECRG4- patients.


