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Advanced glycation end products (AGESs) are produced in response to a high-glucose environment and oxidative
stress and exacerbate various diseases. Ne-(Carboxymethyl)lysine (CML) is an AGE that is produced by the

glycation of lysine residues of proteins.

HMGB1 glycation Ne-(Carboxymethyl)lysine gastric cancer

| 1. Introduction

Gastric cancer is the third leading cause of cancer deaths in Japan ll. Early diagnosis and early endoscopic
treatment have improved the 5-year survival rate of gastric cancer patients (73.1%) [2. However, the 5-year
survival rate for advanced gastric cancer still remains poor at 47.2 and 7.3% for stages Il and IV, respectively [,
Elucidation of the mechanism of acquisition of malignant phenotypes is expected to lead to the development of

novel treatments.

Taguchi et al. reported that high-mobility group box-1 (HMGB1) promotes the progression and metastasis of
various cancer types . We have previously reported the involvement of HMGB1 in malignancy in gastric,
colorectal, prostate, and oral cancers MEIEITEIE  Notably, the high expression of HMGB1 along with that of its
receptor, i.e., receptor for advanced glycation end products (RAGE), correlates well with the progression of gastric

cancer . HMGB1 provides cancer cells’ proliferation, invasion, anti-apoptotic survival, and metastatic ability 9.

RAGE is a member of the immunoglobulin superfamily. It is a cell membrane receptor that has the ability to bind to
multiple ligands, such as AGE, HMGB1, and S100B 21, HMGB1 enhances oxidative stress by binding to RAGE via
multiple pathways, such as mitogen-activated protein kinase, p2lras, nuclear factor (NF)-kB, AKT,
phosphoinositide 3-kinase, and Wnt 2 Importantly, RAGE also binds to AGE 18Il14] which is generated at high
levels in diabetes mellitus. AGE is involved in the development of complications, such as diabetic retinopathy,
through RAGE activation 2413l \We have previously reported that AGE promotes the development and progression

of colorectal cancer L8L7l: it is also a risk factor for breast cancer 181,

NE-(Carboxymethyl)lysine (CML) is an AGE produced by the glycation of lysine residues under physiological
conditions 2. Non-enzymatic glycation of proteins occurs through a wide range of processes, including
condensation, rearrangement, fragmentation, and oxidation reactions, with Schiff bases and Amadori products as
intermediates (29, CML is one of the most abundant AGEs and correlates well with the total level of AGEs 21122

has been reported that CML promotes cancer progression through RAGE in prostate, pancreatic, lung, and breast
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cancers [23]241[25]126][27] MGB1 is a 215-amino-acid-long protein that has a molecular weight of 30 kDa [28l. The
HMGBL1 protein possesses 44 lysine residues, which might serve as the target sites for the CML modification. We
have previously reported that a high-glucose and high-fat diet increases HMGBL1 levels in the colonic mucosa in a
rat colon carcinogenesis model 22, |n the rats, the levels of mMRNA and protein of HMGB1 were increased before
forming aberrant crypt foci. In contrast, downregulation of HMGBL1 inhibits cancer formation and reduces
progression of the colorectal cancer WRBYBL - Although HMGB1 has been suggested to be associated with

hyperglycemic condition, glycation of HMGB1 remains poorly understood.

2. CML Modification of Cancer-Related Proteins in Human
Gastric Cancer Cell Lines

We investigated the formation of CML in cancer-related proteins after treating the human gastric cancer cell line
TMKZ1 with glyoxal (GLX) or high-concentration glucose (GLC) (Eigure 1A). The nuclear proteins HMGB1, mutant
p53, and histone H4 were CML-modified by GLX and GLC treatment. Oxidative stress (read-out; 4-hyroxynonenal,
4-HNE) was increased in all the cell lines, especially TMK1 upon treatment with GLX and GLC (Eigure 1B).
HMGB1 concentrations in the culture medium increased in response to GLX and GLC treatment in all the cell lines,
and was the highest in TMK1 (Eigure 1C). GLX and GLC treatment increased the levels of CML-modified HMGB1
in the culture medium, which were higher in the culture media of TMKL1 cells than in those of other cells (Figure
1D). These results suggest that CML-modified HMGB1 is extracellularly secreted. U937 is a macrophage cell line,
which produces oxidative stresses as inflammatory responses. In U937 cells, GLC or GLX induced 4-HNE and
total HMGB1, but CML-HMGBL1 levels were lower than in gastric cancer cell lines (Eigure 1B-D).
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Figure 1. CML-HMGB1 formation in gastric cancer cells. (A) CML formation in various cancer-associated proteins
was analyzed by antibody array using immunoprecipitant by anti-CML antibody of TMK-1 cell lysate, which was
treated with GLX or GLC. The Scheme 100. (B) Oxidative stress levels in cells treated with GLX or GLC as
measured by ELISA. (C) Total HMGBL1 levels in cells treated with GLX or GLC as measured by ELISA. (D) CML-
HMGBL levels in cells treated with GLX or GLC measured by immunoprecipitation; immunoprecipitant by anti-CML
antibody was detected by anti-HMGB1 antibody. (E) H,O,-treated HMGB1 (oxidized HMGB1) and GLX-treated
HMGB1 (glycated HMGB1) were examined by Western blot analysis under non-reduced (NR) or reduced (Red)
conditions. The membrane was re-probed with an anti-CML antibody (CML). (F) Alterations in HMGB1-associated
intracellular signals in TMK-1 cells treated with naive HMGB1 (10 pg/mL), oxidized HMGB1 (10 pg/mL), or glycated
HMGB1 (10 pg/mL). (G) Semi-quantification of protein levels with standardization by CB, tubulin, or lamin.
Phosphorylated RAGE (pSer) was examined by immunoprecipitation; RAGE precipitant was detected using an
anti-pSer antibody. CB, tubulin, and lamin were used as the loading controls. Error bar and standard deviation
calculated by ordinary analysis of variance from three independent experiments. CML, N&-(Carboxymethyl)lysine;
HMGBL1, high-mobility group box-1; C, untreated control; GLX, glyoxal; GLC, glucose; RBP, retinol-binding protein;
4-HNE, 4-hydroxynonenal; NR, non-reduced condition; Red, reduced condition; CB, Coomassie blue; RAGE,

receptor for advanced glycation end products; pSer, phosphorylated serine; pAKT, phosphorylated AKT; .NF-kB,
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nuclear factor-kB; RAGE pt, anti-RAGE antibody precipitant; WCL, whole cell lysate; Nuclear, nuclear fraction. * P
<0.01.

To further examine the properties of CML-HMGB1, recombinant human HMGB1 was treated with H,O, and GLX to
generate oxidized HMGB1 and glycated HMGB1, respectively (Eigure 1E). Oxidized HMGB1 had higher mobility
than naive HMGB1, and under reducing conditions, the mobility of oxidized HMGB1 was similar to that of naive
HMGB1. The molecular weight of glycated HMGB1 was higher than that of naive HMGB1; however, the mobility
was lower under reducing conditions. This suggests that the SH group of HMGBL is oxidized in glycated HMGBL1.
Furthermore, when the immunoblot membrane was re-probed with an anti-CML antibody after being probed with
anti-HMGB1 antibody, CML was observed only in glycated HMGB1. These results indicate that HMGB1 undergoes
CML modification by glycation.

Next, the effects of naive HMGB1, oxidized HMGB1, and glycated HMGB1 on intracellular signals were examined
(Figure 1F). The phosphorylation of RAGE and AKT, and the nuclear translocation of NF-kB, were more
pronounced upon treatment with oxidized HMGB1 compared to those observed on treatment with naive HMGB1;
glycated HMGBL1 resulted in more potent effects in this respect. Therefore, it was confirmed that glycated HMGB1

(CML-HMGB1) has a significant ability to activate intracellular signals.

3. CML Formation and HMGB1 Secretion in Human Gastric
Cancer Cell Lines

CML formation occurred in a GLX concentration-dependent manner in TMK1 cells (Figure 2A). The DNA-binding
ability of CML-HMGB1—produced by treating recombinant HMGB1 with GLX—was markedly decreased in
comparison with that of HMGB1 (Figure 2B). Similarly, when the ability of HMGB1 to bind to histone H3 was
examined (Figure 2C), a marked decrease was observed in the case of CML-HMGB1 compared to HMGB1. When
TMK1 cells were treated with GLX, nuclear HMGBL1 levels were reduced temporarily (Figure 2D). At this time, no
significant changes were observed in HMGB1 in the cytoplasm (Figure 2E), but HMGBL1 levels in the culture
medium also increased (Figure 2F). These findings indicate that GLX deposited CML on nuclear HMGB1, following
which the binding affinity of HMGB1 to DNA and histones in the nucleus was decreased, and HMGB1 was

translocated outside the nucleus and secreted extracellularly.
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Figure 2. Properties of CML formation in HMGB1 in TMK-1 gastric cancer cells. (A) CML formation in GLX-treated
TMK-1 cells measured using ELISA. (B) Effect of glycation on DNA binding of HMGB1 in TMK-1 cells treated with
HMGB1 or GLX (CML-HMGB1). DNA extracted from the nuclear protein immunoprecipitated by HMGB1 antibody
was measured using a spectrophotometer (Agq). (C) Effect of glycation on histone H3 binding to rhHMGBL1 or
CML-rhHMGBL1. rhHMGB1 or GLX-treated rhrHMGB1 (CML-HMGB1) were mixed with FITC-labeled histone H3.

Histone H3 was measured using a fluorescence microplate reader (Asyg). (D—F) HMGBL in the nuclear fraction (D),

cytosol (E), and cultured medium (F) measured by ELISA in GLX-treated TMK-1 cells. The inset of panel D shows

the fluorescent immunocytochemistry of HMGBL1. Scale bar, 50 um. Error bar and standard deviation calculated by

ordinary analysis of variance from three independent experiments. CML, N&-(Carboxymethyl)lysine; HMGB1, high-

mobility group box-1; hr, human recombinant; GLX, glyoxal; OD, optical density; FITC, fluorescent isothiocyanate. *

P < 0.001.

| 4. Role of CML-HMGB1 in Gastric Cancer Cells
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The role of CML-HMGB1 was compared to that of HMGBL1 in the context of gastric cancer (Figure 3). First, both
HMGB1 and CML-HMGB1 promoted the proliferation of TMK1 and MKN74 cell lines, but the effect of CML-HMGB1
was significantly more pronounced than that of HMGB1 (Eigure 3A,B). In vitro invasion, sphere formation, and
protection against thapsigargin-induced apoptosis were also promoted by HMGB1 and CML-HMGB1, but the
effects were more pronounced with CML-HMGB1 (Figure 3C-E). In addition, 5-FU sensitivity (ICsq) increased by
1.05-fold for HMGB1 and 1.3-fold for CML-HMGBL1 in comparison with untreated TMK1 cells (Figure 3F). Thus,
CML-HMGBL1 exhibited a more significant tumor-promoting effect than HMGBL1.
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Figure 3. Effect of CML-HMGB1 on malignant properties of TMK-1 and MKN74 gastric cancer cells. (A,B) Effect of
CML-HMGB1 (10 pg/mL) and HMGB1 (10 ug/mL) on cell proliferation. (C,D) Effect of CML-HMGB1 and HMGB1
on cell invasion by in vitro invasion assay and stemness by sphere formation. (E) Effect of CML-HMGB1 and
HMGB1 on protection from apoptosis. Cells were untreated or treated with thapsigargin (5 uM) for 48 h with CML-
HMGB1 or HMGB1. (F) Effect of CML-HMGB1 and HMGBL1 on sensitivity to 5-FU. Cells were untreated or treated
with 5-FU for 48 h with CML-HMGB1 or HMGB1 (C). Error bar and standard deviation calculated by ordinary
analysis of variance from three independent experiments. CML, N&-(Carboxymethyl)lysine; HMGB1, high-mobility
group box-1; C, untreated control; 5-FU, 5-fluorouracil. * P < 0.05.
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| 5. Clinical Significance of CML-HMGB1

To examine the clinical significance of CML-HMGBL1, the protein level of CML-HMGB1 was examined by Western
blotting in 10 gastric cancer samples (Eigure 4A). CML-HMGB1 was detected at various levels in all the samples.
The protein levels of CML-HMGB1 and HMGB1 were semi-quantified and a correlation with clinicopathological
parameters was investigated (Table 1). HMGBL1 levels were correlated with T factor (primary tumor) and M factor
(distant metastasis), whereas CML-HMGBL1 levels were correlated with all T, N (nodal metastasis), and M factors,
and stage. No correlation was found with grade for either CML-HMGB1 or HMGB1.
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Figure 4. Formation of CML-HMGB1 in human gastric cancer. (A) CML-HMGB1 formation was examined by
Western blot analysis in 10 human gastric cancer tumor tissues. (B) Comparison of HMGB1 and CML-HMGB1
levels with oxidative stress (4-HNE levels). The correlation was calculated using the Pearson’s correlation test. (C)
Association between the relative levels of HMGB1 and CML-HMGB1. The correlation was calculated using the
Pearson’s correlation test. (D) Effect of CML-HMGB1 on drug resistance in gastric cancer patients. Histological
grade of therapeutic effect was determined according to Japanese Gastric Cancer Classification B2, Grade 0, no
effect; Grade 1a, very slight effect; Grade 1b, slight effect; Grade 2, considerable effect. Error bar, standard
deviation calculated by ordinary analysis of variance from three independent experiments. CML, N&-
(Carboxymethyhlysine; HMGBL1, high-mobility group box-1;.4-HNE, 4-hydroxynonenal; SUM, summation of
HMGB1 and CML-HMGBL1 protein levels. * P < 0.05.

Table 1. Relationship between pathological parameters and protein levels of HMGB1 or CML-HMGBL1 in gastric

cancer samples.

Parameter ! Level Number Protein Level
HMGBL1 ? p® CML-HMGB1 ? p°
Grade 1 6 104 + 21 NS 59+ 17 NS
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Parameter * Level Number Protein Level
HMGB1 ? p® CML-HMGB1 ? p°
2 4 98 + 21 54 +18
pT 2 3 8+3 0.0015 43 +12 0.0245
3 4 96 + 11 54 +13
4 3 127 + 8 75+2
pN 0 3 83+8 NS 38+ 10 0.0069
1and 2 7 109 + 10 65+ 10
pM 0 8 94 + 4 0.0123 52+ 14 0.0377
1 2 130+ 7 78+ 4
pStage 1and 2 3 83+8 NS 38+ 10 0.0069
3and 4 7 109 + 18 65+ 11

The Tevels of the oxidative stress marker 4-HNE were measured In the same tissue specimens and compared to
those of CML-HMGB1 and HMGB1 (Figure 4B). Both CML-HMGB1 and HMGBL1 levels correlated with 4-HNE, but
CML-HMGBL1 exhibited a more significant correlation with oxidative stress (p = 0.0006 vs. p = 0.0037). A correlation
was identified between the levels of CML-HMGB1 and HMGBL1 (p < 0.0001) (Eigure 4C).

As HMGB1 was found to be correlated with drug resistance 331 we examined the relationship between drug
sensitivity and protein levels of CML-HMGB1 or HMGBL1 in the above 10 samples (Figure 4D). CML-HMGB1 and
HMGB1—and the sum of both—were found to be expressed at higher levels in the insensitive group (grade 0-1a)
than in the sensitive group (grade 1b—2). By multivariate analysis (Table 2), CML-HMGB1 showed a less significant
correlation with drug resistance than HMGB1; however, summation of HMGB1 and CML-HMGB1 showed more
significant correlation with drug resistance than HMGBL1 alone. This suggests that CML-HMGB1 promotes drug

resistance accompanying HMGB1.

Table 2. Multivariate analysis of HMGB1, CML-HMGBL1, and the sum for drug resistance.

Variable Coefficient SE 95% Confidence Interval p
HMGB1 -0.01398 0.01444 -0.04812 to 0.02016 0.0014
CML-HMGB1 0.03455 0.01189 0.006428 to 0.06267
SUM -1.612 0.3951 -2.523 to -0.7007 0.0008
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