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Methylglyoxal-derived glycated albumin enhances the
stemness potential of invasive ductal carcinoma-derived
breast cancer stem-like cell line KAIMRC1
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Abstract. Type 2 diabetes mellitus (T2DM) is a risk factor for
breast cancer (BC) development and recurrence due to multi-
factorial mechanisms, including the generation of glycated
proteins under hyperglycemic conditions. Emerging evidence
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indicates that hyperglycemia promotes the formation and
expansion of BC stem-like cells (BCSC), contributing to worse
outcomes in patients with T2DM. To support early detection
and personalized therapy, there is an urgent need to identify
novel biomarkers that specifically target BCSCs in patients
with T2DM. The present study examined the effects of glycated
albumin (GA) on the cellular functions of KAIMRCI, a natu-
rally immortalized BCSC line derived from invasive ductal
carcinoma (IDC), the primary breast carcinoma developed in
patients with T2DM. Cells were subjected to in vitro assays,
including soft agar colony formation, real-time monitoring of
cell proliferation, motility and invasion through a reconsti-
tuted basement membrane using the xCELLigence system and
western blotting. A triple-negative BC cell line was used as
a comparator. Aldehyde dehydrogenase (ALDH) activity was
quantified using a biochemical assay. As expected, KAIMRC1
cells exhibited high ALDH activity, a characteristic feature of
cancer stem-like cells (CSCs). GA induced dose-dependent
increases in KAIMRCI cell proliferation, motility, invasion
and colony formation and was associated with elevated levels
of the oncoprotein phosphorylated-ERK1/2, the receptor
for advanced glycation end products (RAGE) and the stem-
ness-associated proteins OCT3/4 and vimentin. GA-treated
KAIMRCI cells showed notable invasive capacity despite
slow proliferation, consistent with known metastatic poten-
tial of quiescent CSCs. Conversely, unglycated albumin had
no detectable biological effects except for an anti-mitogenic
response at high concentration. Bioinformatics analyses
showed that vimentin mRNA was upregulated in patients
with BC and DM and was associated with a poor prognosis in
patients with BC. RAGE neutralization attenuated GA-induced
vimentin upregulation. Altogether, these findings show that
GA exerts pro-tumorigenic effects in IDC-derived CSCs and
upregulates vimentin protein expression via RAGE, high-
lighting the GA-RAGE axis as a potential therapeutic target
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and supporting vimentin as a promising prognostic marker for
invasive BC in patients with DM.

Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder
characterized by elevated blood glucose (hyperglycemia),
insulin (hyperinsulinemia) and lipids (hyperlipidemia), and it
represents a growing global health challenge (1). According to
the International Diabetes Federation, in 2024, >589 million
individuals aged 20-79 years were diagnosed with DM,
and this number is projected to increase to 853 million
by 2050, predominantly affecting populations in low- and
middle-income countries (2,3). DM is classified into different
types, including type 1 DM (T1DM), which is primarily
driven by genetic defects leading to autoimmune destruc-
tions of pancreatic insulin-producing cells (4). Type 2 DM
(T2DM) arises from dysregulated protein, carbohydrate and
lipid metabolism due to insulin resistance, impaired insulin
secretion or a combination of both (5). Mainly influenced by
environmental factors such as diet, lack of exercise and aging,
T2DM is notably more prevalent when compared with gesta-
tional diabetes or T1DM, accounting for 90-95% of all cases
of diabetes (3). The economic and clinical burden of DM is
substantial, as patients frequently experience complications,
including vascular malformations, cardiovascular diseases,
neurodegenerative disorders and various types of cancer,
despite treatment with antidiabetic agents such as metformin,
a glucagon-like peptide-1 receptor agonist (5-9). These obser-
vations underscore the urgent need for early screening and
the development of therapeutic strategies for patients with
DM who have an increased risk of developing cancer, often
diagnosed at an advanced and clinically challenging stage due
to drug resistance (10-12).

Numerous epidemiological studies indicate that T2DM
is associated with an increased risk for several types of
cancer, particularly breast cancer (BC), including early-stage
non-metastatic BC and a 20-30% higher risk of invasive BC
compared with non-diabetic individuals (13-16). BC is the
most frequently diagnosed cancer in women worldwide, with
>2.3 million new cases and 665,000 mortalities reported in
2022 (17). The impact of T2DM on BC, particularly inva-
sive BC, has been estimated to increase both incidence and
mortality by ~20%, primarily due to poor glycemic control,
delayed diagnosis, advanced disease stage, poor prognosis
and limited efficacy of systemic anticancer treatments such
as chemotherapy and immunotherapy (18-20). Furthermore,
specific cancer therapies induce insulin resistance in
patients with BC, contributing to T2DM development and
underscoring shared and overlapping pathophysiological
mechanisms between the two conditions (21,22). Advanced
glycation end products (AGEs) abundantly generated through
non-enzymatic glycation under hyperglycemic conditions,
and insulin-like growth factors (IGFs), overproduced during
hyperinsulinemia, contribute to tumorigenesis through
multiple mechanisms (23,24). In addition to inducing oxida-
tive stress and inflammation, both AGEs and IGFs activate
oncogenic signaling pathways, including RAS/MAPK,
PI3K/Akt/mTOR (PAM), NF-kB and JAK/STAT pathways,
through their respective receptors, receptor for AGEs (RAGE)

and IGF receptors, thereby stimulating tumor development
and progression via metastasis (25,26).

BC stem-like cells (BCSCs) have been identified in invasive
ductal carcinoma (IDC), which originates in milk ducts and
accounts for 80% of invasive cases of BC (27,28). Generally,
cancer stem-like cells (CSCs) are characterized by their
capacity for self-renewal, differentiation, motility, metastasis
and resistance to anticancer therapies, traits that contribute
to tumor aggressiveness and progression (29,30). In various
BC subtypes, these small cell populations, representing ~2%
of tumor tissue, express a range of stemness markers, such as
CD44*/CD24", high aldehyde dehydrogenase (ALDH) activity,
octamer-binding transcription factor (OCT)3/4 and vimentin
expression (31,32).

In the present study, a naturally immortalized cell line,
KAIMRCI, derived from IDC tissue obtained from a Saudi
female patient established by Ali et al (33) was used. KAIMRC1
was characterized as a stem-like based on the expression of
canonical stem cell markers, including CD44+*/CD24", and its
tumorigenicity was confirmed through spheroid formation
in soft agar (33). Hyperglycemia promotes CSC generation
by creating a tumor environment that supports its expansion,
tumorigenicity and aggressiveness (34,35). Clinical observa-
tions have reported elevated glycated albumin (GA) levels
in blood collected from individuals with DM (36,37). The
pro-oncogenic effects of GA on triple-negative BC (TNBC)
and estrogen receptor-positive BC cell lines have been previ-
ously reported (38,39); however, the biological impact of GA
on the stemness characteristics of IDC-derived CSCs remains
poorly understood. Therefore, in the present study, the tumori-
genic response of the IDC-derived BCSC line KAIMRCI1
to GA at the cellular and molecular levels was examined,
including cell surface and signaling proteins, to identify
potential biomarkers for the precise detection of IDC-derived
stem-like cells and the development of tailored therapeutic
strategies. Bioinformatics analyses were conducted to deter-
mine the expression levels of stemness-associated proteins of
interest in patients with invasive BC and DM and to evaluate
their impact on overall survival.

Materials and methods

Reagents. Mouse primary monoclonal antibodies directed
against extracellular signal-regulated kinase (ERK)1 (clone G-8;
cat. no. sc-271269), phosphorylated-ERK1/2 (p-ERK1/2; clone
E-4; Tyr204 of ERK1; cat. no. sc-7383), OCT3/4 (clone A-9; cat.
no. sc-365509) and RAGE (clone E-1; cat. no. sc-74473) were
obtained from Santa Cruz Biotechnology, Inc. Mouse mono-
clonal antibodies targeting vimentin (V9; cat. no. 790-2917) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; clone
6CS5; cat. no. ab8245) were sourced from Roche Diagnostics
GmbH and Abcam, respectively. Mouse monoclonal anti-RAGE
antibody (clone 02; cat. no. MA5-29007) and isotype control
immunoglobulin (IgG; cat. no. 31235) were purchased from
Invitrogen, Thermo Fisher Scientific, Inc. The secondary
antibodies, IRDye 680RD (red)-conjugated goat anti-rabbit
(cat. no. 926-68071) and IRDye 800RD (green)-conjugated
goat anti-mouse (cat. no. 926-32210) were provided by LI-COR
Biosciences. All other reagents were obtained from Thermo
Fisher Scientific, Inc. unless otherwise specified.
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Preparation of GA and unglycated albumin. GA was gener-
ated as previously described (38-40). Briefly, bovine serum
albumin (BSA; fraction V; 10 mg/ml) was incubated with
0.1 M methylglyoxal (MG) in 0.1 M sodium phosphate buffer
(pH 7.4) containing 3 mM sodium azide for 72 h at 37°C to
induce glycation. Unglycated albumin was processed using
the same procedure but without MG. Free MG (unbound
sugar) was removed by dialysis against distilled water, using
a Slide-A-lyzer® mini dialysis device with a molecular weight
cutoff of 3.5 kDa (cat. no. 69550). Endotoxin levels were negli-
gible after purification with Detoxi-gel endotoxin-removing
gel columns (cat. no. 20344) and assessment with the
E-TOXATE kit (cat. no. ET0200; MilliporeSigma), according
to the manufacturers' instructions. As shown in Fig. S1, GA
formation was characterized and confirmed by the increase
in fluorescence intensity measured using a SpectraMax M5
fluorescence spectrophotometer (Molecular Devices, LLC).
Protein concentrations were determined using the Qubit™
protein assay (cat. no. Q33211) on the Invitrogen Qubit 3 fluo-
rometer. To ensure the stability of the GA and unglycated BSA
solutions, aliquots were prepared and stored at -20°C until use.

Culture and treatment of IDC-derived KAIMRCI stem-like
cells and TNBC cell line MDA-MB-231. The IDC-derived
KAIMRCI1 stem-like cell line (Resource Identification
Initiative: CVCL_RW19), classified as ER*/HER2" subtype
exhibiting stemness features, was cultured in a complete
medium consisting of advanced Dulbecco's modified eagle
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS),2 mM glutamine and antibiotics (100 IU/ml peni-
cillin; 100 pg/ml streptomycin) (33). Cultures were maintained
at 37°C in a humidified incubator containing 5% CO,. The
TNBC cell line MDA-MB-231 (cat. no. HTB-26, American
Type Culture Collection) was maintained in complete DMEM
supplemented with the aforementioned components. At conflu-
ence, MDA-MB-231 cells were passaged every 2-3 days using
enzymatic digestion with TrypLE™ Express Enzyme solution,
whereas KAIMRCI stem-like cells were easily detached from
the culture flasks. Both cell lines were subcultured at a ratio of
1:2 or 1:3. For treatment, cells were exposed to GA and ungly-
cated BSA at concentrations of 25, 50, 100 and 200 pg/ml in
low-serum medium (LSM), consisting of low glucose (1 g/I)
DMEM supplemented with 2.5% FBS, for designated incuba-
tion periods. Untreated cells served as controls.

ALDH activity assay. The nicotinamide adenine dinucleo-
tide (NAD)-dependent ALDH activity colorimetric assay
(cat. no. ab155893; Abcam) was performed according to the
manufacturer's instructions. Briefly, a reduced NAD (NADH)
standard curve was generated by preparing 0, 2, 4, 6, 8 and
10 nmol/well NADH standards corresponding to 0, 2, 4, 6,
8 and 10 ul NADH solutions dispensed in duplicate into a
96-well plate. The final volume for each standard was adjusted
to 50 ul/well using an ALDH assay buffer. Untreated cells
(1x10°) were homogenized in 200 ul ice-cold assay buffer for
10 min and centrifuged at 12,000 x g for 5 min at 4°C and
50 ul of the resulting supernatant was transferred to a 96-well
plate and mixed with 50 pl assay buffer. Subsequently, 50 pl
reaction mix was added to each well, and the plate was incu-
bated at room temperature (RT) for 5 min. Optical density was
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recorded at 450 nm for the samples and their corresponding
backgrounds controls at the initial time points (A, and A,3),
and again after 60 min (A, and A,z). ALDH activity (mU/ml)
was calculated using the following equation:

ALDH activity=B/[(A,-A,p)-(A-Ap)] X V x dilution factor}
where B, represents the amount of NADH generated, and
V represents the sample volume.

Monitoring real-time cell proliferation, directional motility
and invasion using the xCELLigence system. The tumorigenic
effects of GA on real-time cell proliferation, directional motility
and invasion were assessed using the XCELLigence Real-time
Cell Analyzer Dual Purpose (RTCA-DP) system (Agilent
Technologies, Inc.) following the manufacturer's instructions.
This label-free, impedance-based platform continuously
monitors cellular adhesion, growth and motility by measuring
changes in electrical impedance across plates incorporating
microelectrodes, thus providing a dynamic and quantitative
assessment of cell behavior. For cell proliferation, 16-well
E-plates were used (cat. no. 0-060-0890; Agilent Technologies,
Inc.) and for cell invasion and motility, 16-well cellular
invasion/motility (CIM)-plates (cat. no. 05-665-817-001;
Agilent Technologies, Inc.) were used for cell proliferation
and motility/invasion, respectively. For the cell proliferation
assay, 7,500 cells were seeded per well in the E-plate, which
was then inserted into RTCA-DP station. A total of 6 h
after seeding the TNBC MDA-MB-231 cells and 24 h after
seeding the IDC-derived KAIMRCI stem-like cells, 100 pul
complete medium was replaced with 100 ml LSM containing
different concentrations (25, 50, 100 and 200 ug/ml) GA and
unglycated BSA. The E-plate was then reinserted into the
RTCA-DP station. For the cell motility assay, the CIM-16
plate, consisting of an upper and lower chamber, was prepared
by hydrating the upper membrane with serum-free medium
and filling the lower chamber membrane with LSM containing
effective concentrations 50 and 100 pg/ml GA, which served
as a chemoattractant. After the prescribed incubation period
and before cell seeding, the CIM-16 plates were placed on
the RTCA-DP station, and a baseline impedance measure-
ment was obtained using a cell-free medium. Cells (15,000)
were then seeded into each well of the upper chamber. The
CIM-16 plates were subsequently returned to the RTCA-DP
station, and directional cell motility was quantified based on
the electrical impedance changes detected as cells migrated
through the membrane. The same experimental approach was
applied to assess cell invasion, defined as a motility across a
reconstituted basement membrane, using the xCELLigence
system and CIM-16 plate, except that the upper chamber was
first coated with Geltrex™ LDEV-free, reduced-growth factor
basement membrane matrix (cat. no. A1413202). Data acquisi-
tion and cell index calculations were performed using RTCA
software 1.2.1 (cat. no. 30-060-0890; Agilent Technologies,
Inc.), and cell index curves were monitored every 15 min for
72-80 h for cell proliferation and 24 h to assess cell motility
and invasion.

Colony formation assays. Soft agar colony formation assay
for IDC-derived KAIMRCI1 stem-like cells was performed
in 24-well plates, each well containing two layers of agarose
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(cat. no. 121853; Merck KGaA) in complete medium, as
previously described (33). The bottom layer contained 0.6%
agarose, while the top layer contained 0.35% agarose. To
assess colony formation, IDC-derived KAIMRCI1 stem-like
cells (20,000/well) were seeded into the top agarose layer.
After 2-3 days of incubation at 37°C, the complete medium
was replaced with LSM containing GA at concentrations 50
and 100 ug/ml for 72 h at 37°C. Following treatment, the cells
were incubated for 2-3 weeks, and fresh LSM containing
GA (50 and 100 pg/ml) was added twice weekly. Colonies
were fixed with 4% paraformaldehyde for 5 min at RT and
visualized under an inverted ZEISS microscope, and colonies
containing >50 cells were counted manually.

For the TNBC cell line MDA-MB-231, cells were harvested
and resuspended in serum-free cell culture medium to a final
concentration of 1x10° cells/ml. An appropriate number
of cells (3,000-5,000 per well) were seeded into 24-well
plates. After 24 h, the culture medium was replaced with
LSM containing GA at concentrations of 50 and 100 pg/ml.
Following treatment, the plates were incubated at 37°C in a
humidified 5% CO, incubator for 1 week, until untreated
control cells formed colonies of substantial size (>50 cells
per colony). Cells were fixed with 4% paraformaldehyde for
5 min at RT. After removing the fixative, 1 ml of 0.5% crystal
violet solution was added to each well and incubated for 2 h at
RT. Excess stain was carefully removed by rinsing the plates
in distilled water, and the plates were air-dried. Colonies
were imaged using a ZEISS microscope, colonies containing
>50 cells were counted (41).

Preparation of cell lysates and western blot analysis.
IDC-derived KAIMRCI1 stem-like cells and TNBC
MDA-MB-231 cells (3x10° cells) were seeded in complete
medium in 12-well plates and incubated for 24 h at 37°C. The
medium was subsequently replaced with LSM and incubated
for an additional 24 h at 37°C. Cells were treated with GA and
unglycated BSA at concentrations of 25, 50, 100 and 200 ug/ml
for the indicated incubation periods (10 min and 48 h). After
washing in ice-cold phosphate-buffered saline, proteins were
extracted by lysing the cells with NP40 lysis buffer. Cell debris
were removed by centrifugation at 20,000 x g for 30 min at
4°C. Protein concentration for each sample was determined
using the Qubit Protein Assay, and total protein amount was
adjusted to 100 or 200 ug for equal protein loading. Protein
samples were mixed with an equal volume of 4X Laemmli
sample buffer in 1.5 ml Eppendorf® tubes, denatured by boiling
at 95°C for 15 min and then briefly centrifuged at 1,000 x g
for 7 sec at RT. Samples were resolved on 11% SDS-PAGE
gels alongside prestained molecular weight markers. Proteins
were then electroblotted onto PVDF membranes, which were
blocked for 1 h at RT in Tris-buffered saline (TBS)-0.1%
Tween (pH 7.4) containing 1% BSA. PVDF membranes
were incubated overnight at 4°C on a rotating shaker with
mouse or rabbit primary antibodies diluted in the blocking
buffer, targeting p-ERK1 (1:500 dilution), total ERK1 (1:500
dilution), OCT3/4 (1:500 dilution), RAGE (1:1,000 dilution),
vimentin (1:1,000 dilution) and the housekeeping protein
GAPDH (1:5,000 dilution). Following five washes for 10 min
each in TBS-0.1% Tween at RT, membranes were incubated
for 1 h at RT with infrared fluorescent secondary antibodies

diluted (1:5,000 dilution) in LI-COR Odyssey® blocking
buffer: IRDye 680RD (red)-conjugated goat anti-rabbit or
IRDye 800RD (green)-conjugated goat anti-mouse (LI-COR
Biosciences) with continuous mixing. After washing, protein
bands were visualized using the LI-COR Odyssey CLx
Scanner, and protein expression levels were quantified using
ImagelJ software version 1.53e (https://imagej.net/ij/index.
html) as previously described (39,42).

Bioinformatics. The MammOnc-DB database (http://resource.
path.uab.edu/MammOnc-Home.html; accessed, 19 September
2025) was used to analyze proteins of interest (43). Gene expres-
sion profiles of the genes encoding RAGE (AGER), vimentin
(VIM) and OCT4 (POUSF1I), were stratified by biopsy type and
TNBC status, as well as their associations with 5-year survival
in patients with BC, retrieved from the Swedish Cancerome
Analysis Network-Breast (SCAN-B) within MammOnc-DB
database (43,44). Additional gene expression profiles for
these genes, categorized according to three-gene classifier
subtypes (HER2*, ER'HER2" and ERHER2"), were obtained
from the Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) dataset available through
MammOnc-DB (43,45). Further analyses were conducted using
the cBioPortal database (https://www.cbioportal.org/; accessed,
19 September 2025) (46-48). The dataset ‘Breast Cancer
(METABRIC, Nature 2012 & Nat Commun 2016)’ within the
‘breast’ section was applied to assess gene expression profiles of
the analyzed genes based on prediction analysis of microarray
50 (PAMS50) and claudin subtype classifications (45,49,50).
Patients were classified into low- and high-expression groups
using the median mRNA expression values (Illumina HT-12
v3 microarray; Illumina, Inc.) for each gene. Corresponding
clinical data were downloaded from the database.

Data from Panigrahi et al (51) was retrieved from the Gene
Expression Omnibus data repository (GSE202922; accessed
on 23 June 2025). Processed RNA sequencing count data were
normalized using counts per million (CPM) after trimmed
mean of M-values (TMM) normalization (CPM-TMM)
method (51).

RAGE neutralization. RAGE was neutralized in the cells
by treating them with an anti-RAGE antibody to deter-
mine whether GA exerts its effects through this receptor.
IDC-derived KAIMRCI stem-like and TNBC MDA-MB-231
cells (3x10° cells) were seeded in complete media as previ-
ously described51 a40). After medium replacement with LSM,
20 pg/ml mouse monoclonal anti-RAGE antibody (clone
02; cat. no. MA5-29007) or 20 ug/ml isotype control IgG
(cat. no. 31235) was added. Following a 2 h incubation at 37°C,
the cells were stimulated with 100 pg/ml GA for 48 h, which
represented the most effective concentration used in earlier
experiments of the present study. Protein lysates were then
collected for western blot analysis.

Statistical analysis. All data are presented as the mean + SD
from three independent experiments. Statistical comparisons
between the two groups were performed using an unpaired
two-tailed student's t-test. For analysis involving more than
two groups, one-way ANOVA statistical test followed by
Tukey's post hoc test was used to assess statistical differences
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among multiple comparisons. Statistical outputs for bioin-
formatics analyses were derived from the SCAN-B and
METABRIC datasets within the MammOnc-DB database,
as well as the ‘Breast Cancer (METABRIC, Nature 2012 &
Nat Commun 2016)’ dataset accessed through the cBioPortal
database. Pairwise comparisons for datasets generated by
Panigrahi et al (51) were evaluated using the Mann-Whitney
U non-parametric test. P<0.05 was considered to indicate a
statistically significant difference.

Results

IDC-derived KAIMRCI stem-like cells exhibit higher ALDH
activity when compared with TNBC MDA-MB-231 cells.
High ALDH activity is widely recognized as a valuable
biomarker for CSCs, particularly BCSCs, because it supports
their stemness and self-renewal properties (52). Therefore,
ALDH activity was first assessed in IDC-derived KAIMRC1
and TNBC MDA-MB-231 cells to identify the cell line with
greater stem-like properties. The KAIMRCI cell line showed
significantly higher ALDH enzyme activity (1.36-fold;
P=0.019) compared with the MDA-MB-231 cell line (Fig. 1).

GA weakly increases the cell proliferation rate of IDC-derived
KAIMRCI stem-like cells, unlike its effect on TNBC
MDA-MB-231 cells. Cell proliferation was monitored using
the xCELLigence RTCA-DP system to assess the mitogenic
response of stem-like cells. Before examining KAIMRC
stem-like cells, the effects of various GA concentrations
(25-200 ug/ml) and the expected lack of effect of unglycated
BSA on the proliferation of TNBC MDA-MB-231 cells
(Fig. S2) were verified and confirmed, consistent with findings
using the trypan blue exclusion method (38). Thus, using the
real-time system on MDA-MB-231 cells, unglycated BSA did
not alter cell proliferation at any concentrations tested, except
for a significant reduction at 200 ug/ml (0.83-fold; P=0.02;
Fig. S2A). Conversely, GA stimulated the cell proliferation rate
in a dose-dependent manner that followed a bell-shaped curve
characterized by increased proliferation at intermediate doses
(1.28-fold at 50 pg/ml; P=0.00009; 1.59-fold at 100 pg/ml;
P=0.00024; Fig. S2B), followed by a decreased proliferation
at the highest GA dose (0.79-fold at 200 pxg/ml; P=0.019;
Fig. S2B). This pattern is consistent with previously described
activation kinetics of dimeric receptors such as RAGE (38).
After validating the biological effect of GA, KAIMRCI1
stem-like cells were treated with intermediate doses of 50 and
100 pg/ml of GA and unglycated BSA. Similar to the findings
in MDA-MB-231 cells, 100 mg/ml GA significantly increased
cell proliferation of KAIMRCI stem-like cells (1.27-fold;
P=0.0076; Fig. 2), although the onset of the KAIMRCI cell
response was observed after 60 h of incubation (Fig. 2) when
compared with MDA-MB-231 cell response observed after
10 h of incubation (Fig. S2B). Unglycated BSA did not affect
the cell proliferation of KAIMRCI stem-like cells compared
with untreated controls (Fig. 2).

GA has an increased stimulatory effect on the invasiveness
of IDC-derived KAIMRCI stem-like cells when compared
with TNBC MDA-MB-231 cells. Cell motility, which drives
migration, invasion and metastasis, is a key process in cancer
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Figure 1. ALDH activity in triple-negative breast cancer MDA-MB-231 and
invasive ductal carcinoma-derived KAIMRCI cells measurements using a
colorimetric assay. KAIMRCI stem-like cells showed higher ALDH activity
when compared with that of MDA-MB-231 cells. Data are presented as the
mean + SD from three independent experiments. Statistical significance
relative to MDA-MB-231 cells is indicated as "P<0.05. ALDH, aldehyde
dehydrogenase.

progression (7). To evaluate directional motility and basement
membrane invasion, the automated xCELLigence RTCA-DP
system was employed. In IDC-derived KAIMRCI stem-like
cells, treatment with effective GA concentrations, at 50 and
100 pg/ml, significantly enhanced motility capacity, with a
2.37-fold (P=0.00003) and 1.44-fold (P=0.0096) increase,
respectively, compared with untreated controls (Fig. 3). TNBC
MDA-MB-231 cells exhibited a similar response, showing
a 2.52-fold (P=0.0096) and 1.6-fold, (P=0.03) increase at
the same GA concentrations, respectively (Fig. S3). When
motility was assessed through a protein-based matrix to deter-
mine invasive capacity, GA significantly enhanced invasion
in both cell lines, though to differing extents. IDC-derived
KAIMRCI stem-like cells exhibited a marked increase in
invasiveness upon GA treatment, with 3.71-fold (P=0.004)
and 5.14-fold (P=0.0005) enhancements at 50 and 100 ug/ml
GA, respectively (Fig. 4). Conversely, TNBC MDA-MB-231
cells showed a significant increase in invasion, with 1.42-fold
(P=0.009) and 1.47-fold (P=0.04) enhancements at the effec-
tive (50-100 ug/ml) GA concentrations compared with the
untreated controls, respectively (Fig. S4). These findings
indicate that IDC-derived KAIMRCI stem-like cells are
markedly more responsive to GA-induced invasiveness when
compared with MDA-MB-231 cells.

GA promotes colony formation in IDC-derived KAIMRCI1
stem-like cells and TNBC MDA-MB-231 cells. Colony
formation assays were conducted to evaluate the capacity of
individual cells to survive, proliferate and form colonies over an
extended period in response to GA treatment. In IDC-derived
KAIMRCI stem-like cells, GA treatment markedly enhanced
colony formation in a dose-dependent manner (Fig. 5A-D).
Specifically, treatment with 50 ug/ml GA increased colony
numbers by 6.77-fold (P=0.0003), whereas 100 xg/ml GA
resulted in a 9.01-fold enhancement (P=0.0004) compared
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Figure 2. GA effects on the proliferation of invasive ductal carcinoma-derived KAIMRCI stem-like cells were monitored using an automated xCELLigence
Real-Time Cell Analyzer Dual Plate system. Cells were treated with 50-100 pzg/ml GA or unglycated BSA for 80 h. Data are presented as the mean + SD from
three independent experiments. Statistical significance relative to the untreated control is indicated as “P<0.01. GA, glycated albumin; BSA, bovine serum
albumin.
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Figure 3. Effects of GA on directional motility of IDC-derived KAIMRCI stem-like cells were assessed using the Real-time Cell Analyzer Dual Purpose
system. The directional motility of KAIMRC1 stem-like cells was quantified following treatment with 50-100 pzg/ml GA and compared with that of untreated
controls. Data are presented as the mean + SD from three independent experiments. Statistical significance relative to the untreated control is indicated as
“P<0.01 and """P<0.0001. GA, glycated albumin.
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Figure 4. Effects of GA on the invasiveness of invasive ductal carcinoma-derived KAIMRCI stem-like cells were measured using the automated Real-time
Cell Analyzer Dual Purpose system. The invasive capacity of KAIMRCI stem-like cells was assessed over 24 h following treatment with 50-100 yg/ml of
GA and compared with untreated controls. Data are presented as the mean + SD from three independent experiments. Statistical significance relative to the

Eres

untreated control is indicated as “P<0.01 and ““P<0.001. GA, glycated albumin.

with untreated controls (Fig. 5D). In TNBC MDA-MB-231  although to a lesser extent (Fig. S5). Colony numbers increased
cells, GA also significantly promoted colony formation, by 1.46-fold (P=0.0097) and 1.47-fold (P=0.00099) at 50 and
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Figure 5. Colony formation of invasive ductal carcinoma-derived KAIMRCI stem-like cells in the presence of GA. Representative photomicrographs showing
the colony formation of KAIMRCI stem-like cells incubated in the (A) absence or presence of GA tested at (B) 50 pg/ml and (C) 100 pg/ml in soft agar, after
2 weeks. Individual colonies were fixed and counted under microscope (40X objective). (D) Data are presented as the mean + SD from three independent
experiments. Statistical significance relative to the untreated control is indicated as ““P<0.001. GA, glycated albumin.

100 ug/ml, respectively, compared with untreated controls
(Fig. S5).

GA induces delayed ERK1/2 phosphorylation in IDC-derived
KAIMRCI stem-like cells. Previous studies using TNBC
MDA-MB-231 cells reported that GA induced optimal phos-
phorylation of the key oncogenic signaling protein ERK1/2
after 10 min exposure to 100 xg/ml GA (38,40), a finding that
was corroborated under the present experimental conditions
(Fig. S6). In KAIMRC1 stem-like cells, the optimal duration
of ERK1/2 phosphorylation was first determined using the
same effective GA concentration (100 yg/ml) across multiple
incubation periods (30, 60, 90 and 120 min). Upon GA treat-
ment, ERK1/2 phosphorylation level significantly increased
at 60 min (5.70-fold for p-ERK1; P=0.0043 and 5.16-fold
for p-ERK2; P=0.019) and 90 min (6.50-fold for p-ERK1;
P=0.0037 and 6.62-fold for p-ERK2; P=0.0059) compared
with untreated control cells, whereas no significant change
was observed at 30 and 120 min (Fig. 6A). Based on these
results, 90 min was selected as the optimal incubation period
for maximal ERK1/2 activation in KAIMRCI stem-like cells.
Subsequently, cells were exposed to increasing concentrations
of GA and unglycated BSA (50 and 100 pg/ml) for 90 min.
GA induced a significant, concentration-dependent increase
in ERK1/2 phosphorylation levels, with a 1.79-fold (P=0.04)
increase for p-ERK1 and a 1.78-fold (P=0.047) increase for
p-ERK?2 at 50 pg/ml, and a 2.81-fold (P=0.016) increase for

p-ERK1 and a 1.97-fold (P=0.037) increase for p-ERK?2 at
100 pg/ml, compared with untreated control cells (Fig. 6B).
Conversely, both concentrations (50 and 100 ug/ml) of
unglycated BSA did not alter ERK1/2 phosphorylation levels
compared with untreated controls (Fig. 6B).

GA upregulates RAGE, vimentin and OCT3/4 expres-
sion in IDC-derived KAIMRCI stem-like cells and TNBC
MDA-MB-231 cells. To determine whether GA stimulates
RAGE signaling, induces epithelial-mesenchymal transition
(EMT) and promotes stemness features in BC cells, protein
expression levels of RAGE, vimentin and OCT3/4 were exam-
ined using western blot analysis. Treatment with 100 pg/ml GA
markedly increased the expression of all three proteins in both
IDC-derived KAIMRCI1 stem-like and TNBC MDA-MB-231
cell lines, compared with their basal levels in untreated
control cells. In KAIMRCI stem-like cells, GA treatment
significantly elevated the expression of OCT3/4 (1.52-fold;
P=0.02), vimentin (1.79-fold; P=0.005) and RAGE (1.68-fold;
P=0.012) compared with the basal protein expression levels in
untreated control cells (Fig. 7). Similarly, in MDA-MB-231
cells, GA treatment significantly increased the expression of
OCT3/4 (1.67-fold; P=0.026), vimentin (2.07-fold; P=0.022)
and RAGE (1.56-fold; P=0.044), compared with control cells
(Fig. S7). Treatment with unglycated BSA did not alter the
expression levels of any of the proteins of interest in either cell
line (Figs. 7 and S7).
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Figure 6. GA effects on ERK1/2 phosphorylation in invasive ductal carcinoma-derived KAIMRCI stem-like cells. Representative western blot analyses
showed p-ERK1/2 in KAIMRCI stem-like cells treated with 100 yg/ml GA for (A) 30 to 120 min and with (B) 50-100 yg/ml GA or unglycated BSA for
90 min of incubation. Bar graphs show the relative expression level of p-ERK1/2 normalized to total ERK1/2. GAPDH served as the loading control. Data are
presented as the mean + SD from three independent experiments. Statistical significance relative to the untreated control is indicated as "P<0.05 and “P<0.01.
C, control; GA, glycated albumin; p-ERK1/2, phosphorylated-ERK1/2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 7. Effects of GA on the expression of RAGE, vimentin and OCT3/4 in invasive ductal carcinoma-derived KAIMRCI stem-like cells. Representative
western blot analyses showing the protein expression levels of RAGE, vimentin and OCT3/4 in KAIMRCI stem-like cells following 48 h of treatment with
100 pg/ml GA or unglycated BSA, compared with untreated control cells. GAPDH served as the loading control. Bar graphs present the relative protein expres-
sion levels normalized to GAPDH. Data are presented as the mean + SD from three independent experiments. Statistical significance relative to the untreated
control group is indicated as "P<0.05 and “P<0.01. RAGE, receptor for advanced glycation end products; GA, glycated albumin; BSA, bovine serum albumin;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Bioinformatics analysis reveals elevated VIM gene expression ~ (POUS5FI) were evaluated utilizing data from the SCAN-B
in invasive breast carcinoma, TNBC and ER*/HER2 tumors, dataset within the MammOnc-DB database (43,44). Analysis
associated with reduced 5-year survival. Gene expres- by biopsy type (Fig. 8A) showed that AGER and VIM were
sion levels of RAGE (AGER), vimentin (VIM) and OCT4 significantly higher in invasive carcinoma (n=7,880) compared
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Figure 8. Bioinformatics analysis of databases from patients with BC. (A) Increased mRNA expression levels of RAGE (AGER) and vimentin (VIM) in patients
with BC and invasive carcinoma. (B) Upregulated mRNA expression of AGER, VIM and OCT4 (POUSFI) in TNBC patients. (C) Elevated mRNA levels of
VIM and POUS5FI in patients with ER"HER2" low-proliferative tumors. (D) Molecular profiling using PAMS50 classified BC intrinsic subtypes based on the
expression patterns of 50 genes and 8 housekeeping genes. Higher VIM mRNA expression with increased percentage of basal and claudin-low subtypes,
whereas increased POU5SFI mRNA levels were associated with a higher percentage of the basal subtype. FPKM fragments per kilobase of transcripts
per million mapped reads; TNBC, triple-negative breast cancer; low prolif, low proliferative; high prolif, high proliferative; PAMS50, prediction analysis of
microarray 50.

with carcinoma in situ (n=147; P=2.2x10 and P=3.35x103; levels of AGER, VIM and POUS5F]I than those without TNBC
respectively). Further analysis (Fig. 8B) indicated that patients  (n=8,332; P<1x107'%). Gene expression profiles stratified by
with TNBC (n=874) exhibited significantly higher mRNA three-gene classifier subtypes from the METABRIC dataset
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were also examined (43,45). Patients with BC were categorized
as ERHER2" (n=290), ER'HER2" low proliferative (n=619),
ER*HER2" high proliferative (n=603) and HER2* (n=188).
Fig. 8C indicates that patients with ER"HER2" low-prolifera-
tive tumors had significantly higher VIM and POU5SFI mRNA
levels than patients with ER'HER2" subtype (P=4.99x107
and P=1.63x10""?, respectively). Comparative analysis of gene
expression based on PAMS50 and claudin subtypes using the
‘Breast Cancer (METABRIC, Nature 2012 & Nat Commun
2016)’ dataset from cBioPortal (45-50) revealed that P with
high VIM expression were enriched in basal and claudin-low
subtypes (P<1x107'%), whereas elevated POUSFI expression
was primarily associated with the basal subtype (P=1.75x10;
Fig. 8D). Survival analysis using SCAN-B dataset indicated
that patients with BC with low-to-moderate VIM (n=1,935)
or POUSFI (n=1,935) expression had significantly favourable
5-year survival (P=0.018 and P<0.0001, respectively), whereas
AGER expression did not notably affect the survival of patients
with BC (Fig. 9).

Bioinformatics analysis indicates elevated mRNA expression
levels of VIM, AGER and POUSF1 in patients with BC and
T2DM. Panigrahi et al (51) examined 73 patients with BC,
including 36 patients with DM and 37 without DM. The diabetic
group was further stratified into T1IDM (n=6) and T2DM (n=30).
VIM mRNA expression was significantly higher in patients with
DM when compared with those without DM, with the most
pronounced increase in patients with T2DM (Mann-Whitney
U test; P=0.003; Fig. 10A). Although pairwise comparisons did
not reach statistical significance, a small increase in POUSF1
(Fig. 10B) and AGER (Fig. 10C) mRNA expressions were
observed in the diabetic group, particularly in the T2DM coun-
terparts. A correlation heatmap (Fig. S8) illustrating expression
profiles of VIM, POU5F1 and AGER across all patients showed
marked differences in VIM expression between patients with BC
with and without DM. Conversely, no discernible differences
were observed for POU5SF1 and AGER expression (Fig. S8).

GA upregulates vimentin protein expression in IDC-derived
KAIMRCI stem-like and TNBC MDA-MB-231 cells through
RAGE. To determine whether GA activates KAIMRCl1
stem-like and MDA-MB-231 cells through the RAGE signaling
pathway, cells were pretreated with a neutralizing anti-RAGE
antibody to inhibit RAGE signaling or with an IgG isotype
control antibody as a negative control. Cells were exposed to
100 ug/ml GA for 48 h of incubation. This approach allowed
assessment of whether RAGE is required for the cellular
response to GA stimulation. As shown in Fig. 11, treatment with
GA significantly increased vimentin expression in KAIMRC1
stem-like cells (1.64-fold; P=0.045; Fig. 11) and MDA-MB-231
cells (1.39-fold; P=0.012; Fig. S9) pretreated with the IgG
control antibody, compared with untreated controls. Conversely,
GA-induced vimentin upregulation was not observed in either
cell line when RAGE signaling was blocked by pretreatment
with an anti-RAGE antibody (Figs. 11 and S9).

Discussion

Management of patients with T2DM who develop IDC
remains suboptimal, partly because these patients often

present at advanced stages and frequently develop aggressive
TNBC (11,53,54). Challenges include late detection and the
limited effectiveness of currently available systemic treat-
ments, including chemotherapy and immunotherapy (55).
CSCs, identified in both TNBC and IDC tissues, have garnered
considerable interest in clinical research because they represent
a small population of undifferentiated tumor cells associated
with tumor onset, metastasis, therapy resistance and recur-
rence (28). KAIMRCI, a spontaneously immortalized BC
cell line derived from the surgical biopsy of a Saudi female
patient diagnosed with IDC was previously established and
characterized (33). Notably, these cells exhibit CSC-associated
phenotypes and CSC markers, including CD24/CD44*, CD47
and ALDHI1 (33). However, molecular evidence associating
GA, the most abundant globular circulating glycated protein
used as a clinical biomarker for DM (56), to the best of our
knowledge, CSC-associated tumorigenesis in BC remains
limited. MG was used for the generation of GA however,
due to its low expression in TNBC compared with other BC
subtypes (57), the biological effects of MG were not investi-
gated in the present study. Thus, the pro-tumorigenic effects
of GA on IDC-derived KAIMRCI stem-like cells compared
with MDA-MB-231 cells, a mature and heterogeneous
TNBC cell line known to contain a CSC subpopulation were
explored (58). A detailed examination of the functional and
molecular characteristics of BCSCs under hyperglycemic
conditions may help identify new biomarkers and molecular
targets, ultimately supporting the early detection and targeted
therapeutic strategies for patients with T2DM and invasive BC.

Stemness properties in IDC-derived KAIMRCI cells were
initially assessed by comparing ALDH activity with that of the
poorly differentiated TNBC cell line MDA-MB-231. ALDH is
a highly active enzyme in both normal stem cells and CSCs,
where it contributes to key stem cell properties, including
self-renewal, differentiation and drug resistance, and is consid-
ered a potential therapeutic and prognostic marker (52,59,60).
In the present study, IDC-derived KAIMRCI cells exhibited
significantly higher ALDH activity when compared with
MDA-MB-231 cells. However, a previous study reported
higher cell surface expression of the CSC-associated protein
ALDHI1 on MDA-MB-231 cells when compared with that
on KAIMRCI cells (33). KAIMRCI cells were previously
shown to possess CSC-like properties, including robust
spheroid formation in soft agar (33). In the present study,
the elevated ALDH activity observed in KAIMRCI cells
further emphasizes their relevance as a model for studying
BC stemness under hyperglycemic conditions, compared with
MDA-MB-231 cells, a TNBC model frequently associated
with T2DM-related BC (16).

At the functional and tumorigenic levels, GA signifi-
cantly enhanced cell proliferation, motility, invasion, colony
formation and ERK1/2 phosphorylation in both IDC-derived
KAIMRCI1 stem-like and TNBC MDA-MB-231 cells,
although the magnitude and timing of these responses varied
between the two models. In MDA-MB-231 cells, GA exhib-
ited a bell-shaped, dose-dependent proliferation response,
with an optimal effect at 100 yg/ml, indicating the involve-
ment of a dimeric receptor such as RAGE. These findings
are consistent with a previous study reporting that GA at
100 ug/ml enhances TNBC MDA-MB-231 cell proliferation,
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Figure 9. Effects of AGER (top), VIM (middle) and POUS5FI (bottom) gene expression levels on 5-year survival in patients from SCAN-B. Lower or interme-
diate mRNA expression levels of VIM and POUS5F1 was associated with improved 5-year survival in patients with breast cancer. The data were obtained from
the SCAN-B study within the MammOnc-DB database (43,41). SCAN-B, Swedish Cancerome Analysis Network-Breast.
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Figure 10. Upregulation of (A) VIM, (B) POUS5FI and (C) AGER mRNA levels in patients with BC with DM. Higher expression was particularly observed
in those with T2DM compared with those without DM. Pairwise comparisons were conducted using the Mann-Whitney U test. The data were obtained from
the study of Panigrahi er al (51). BC, breast cancer; DM, diabetes mellitus; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus, RNA-seq, RNA
sequencing; CPM-TMM, counts per million after trimmed mean of M-values, FPKM, fragments per kilobase of transcript per million mapped reads.
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Figure 11. RAGE mediates GA-induced upregulation of vimentin in invasive ductal carcinoma-derived KAIMRCI stem-like cells. Western blot analyses
showed that blocking RAGE with a neutralizing anti-R AGE antibody prevented GA-induced vimentin expression in KAIMRCI stem-like cells compared with
cells pretreated with an IgG1 isotype control. Bar graphs present the semi-quantified vimentin expression levels normalized to GAPDH. Data are presented
as the mean + SD from three independent experiments. Statistical significance relative to the untreated control group is indicated as "P<0.05. GA, glycated
albumin; RAGE, receptor for advanced glycation end products; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

migration and invasion, accompanied by increased MMP-9
gelatinase activity mediated through RAGE, using other
in vitro cell-based assays such as trypan blue exclusion,
scratch wound and Boyden chamber assays (38). In the present
study, GA also significantly increased the proliferation of
IDC-derived KAIMRCI stem-like cells, although to a lesser
extent than that in TNBC MDA-MB-231 cells, indicating a

comparatively slower proliferative rate. This observation is
consistent with the well-recognized tendency of adult CSCs to
remain in a quiescent phase to preserve long-term self-renewal
potential and minimize replication-associated errors (61).

The biological effects of GA on cell motility and, notably,
on the ability to cross a reconstituted basement membrane
revealed that IDC-derived KAIMRCI stem-like cells were
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more responsive than TNBC MDA-MB-231 cells. Although
TNBC cells are highly invasive, CSCs are well known for
their metastatic potential, and previous mechanobiology
studies have shown that they exhibit markedly elevated
invasive potential (62,63). These findings suggest that GA
may play an important role in increasing CSC invasiveness, a
hallmark of metastatic progression and an indicator of tumor
aggressiveness. Additionally, a BC invasion scoring model
was recently developed to predict tumor aggressiveness,
therapeutic response and prognosis by analyzing the PAM
pathway (64). Phosphorylation of p70S6K1, the downstream
effector of the PAM pathway, was detected in IDC tissues
from patients with T2DM, and pharmacological inhibition
of p70S6K1 using PF-4708671 suppressed GA-induced inva-
sion in TNBC (14,40). These findings indicate that additional
modeling of PAM/p70S6K1 pathway in patients with T2DM
diagnosed with IDC or TNBC may help refine predictions
of clinical outcomes, including recurrence and therapeutic
responses.

From a tumorigenic standpoint, the present findings
reveal that GA significantly enhanced colony-forming ability
in both KAIMRC1 stem-like cells and MDA-MB-231 cells.
The clonogenic assay is a quantitative in vitrro method used
to evaluate the capacity of a single cell to undergo clonal
expansion and form a colony, thereby reflecting tumorigenic
potential (65,66). In the present study, treatment with GA
produced more colonies in KAIMRCI stem-like cells when
compared with that in the more differentiated MDA-MB-231
cells, indicating a potent tumorigenic effect in CSCs-enriched
cells. Consistent with these findings, a commercial AGE-BSA
at 40-80 pg/ml promoted colony formation in human primary
TNBC cells (67). Additionally, several AGEs-BSA prepara-
tions, including MG-derived AGEs, have been shown to exert
pro-tumorigenic effects in prostate cancer cells and xenografts
mouse models, accompanied by RAGE overexpression and
increased levels of EMT markers, including N-cadherin and
vimentin (68). Verification of the tumorigenic potential of GA
on IDC-derived KAIMRCI stem-like cells could be strength-
ened using in vivo models, such as xenografts mouse models.

Focusing on the main signaling oncoprotein ERK1/2,
GA was shown to transiently activate the ERK1/2 signaling
pathway in TNBC MDA-MB-231 cells and IDC-derived
KAIMRCI stem-like cells. Previous studies reported that, in
MDA-MB-231 cells, ERK1/2 phosphorylation peaks rapidly,
~10 min posttreatment with an effective concentration of GA,
and exhibits a characteristic bell-shaped response, indicating
the involvement of the dimeric receptor RAGE (38,40).
Additional in vitro studies have confirmed that ERK signaling
is a key component of the AGEs-RAGE axis promoting
carcinogenesis (67,69,70). In contrast to the rapid response
observed in MDA-MB-231 cells, KAIMRCI1 stem-like cells
exhibited delayed ERK1/2 activation, with phosphorylation
significantly increasing only after 60-90 min of treatment
with GA. Notably, stem-like cells, including those exhibiting
mesenchymal features, often show altered sensitivity to
external stimuli due to their unique epigenetic and signaling
profiles (71,72). Therefore, the delayed phosphorylation
response in KAIMRCI stem-like cells may reflect differences
from mature cancer cells in membrane receptor expression,
intracellular signaling dynamics or metabolic activity.
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The regulatory role of GA in key stemness markers, such
as OCT3/4 and vimentin, was also examined. The present
results revealed that treatment with GA induced a significant
upregulation of mesenchymal markers OCT3/4 and vimentin
in both IDC-derived KAIMRCI stem-like cells and TNBC
MDA-MB-231 cells compared with untreated controls. These
findings are consistent with clinical reports indicating that
T2DM promotes differentiation of mesenchymal stem cells
(MSCs), particularly adipose tissue-derived MSCs, generating
MSC-derived extracellular vesicles in the blood circulation,
that contribute to BC metastasis (73,74). In vivo experimental
evidence from diabetic mouse models has similarly shown
that hyperglycemia induces a mesenchymal phenotype in BC
cells, thereby increasing their motility and invasive poten-
tial (75). OCT3/4 is a transcription factor that plays a key role in
expressing and maintaining pluripotency and self-renewal (76).
Reactivation of OCT3/4 expression has been observed in several
human BC cell lines but not in non-malignant cells (77). Notably,
previous studies have shown that OCT4 expression in CSC
promotes colony formation, metastasis and cancer progression,
as shown in human cervical and liver cancer models (78,79).
Consistent with these findings, the present data suggest that
GA-induced elevation of OCT3/4 may mediate greater enhance-
ment of colony formation in KAIMRCI stem-like cells when
compared with that in MDA-MB-231 cells. Vimentin, a pivotal
cytoskeletal protein typically associated with mesenchymal
cells, is a key marker of EMT (80). EMT mechanisms are
essential for improving cancer cell invasion and migration,
which are key factors influencing metastatic potential (81). In
the present study, GA-induced vimentin overexpression coin-
cided with augmented invasiveness and motility in both cell
lines. Furthermore, elevated vimentin expression was observed
in patients with TNBC and in ER*/HER2 subtypes, including
the cellular model KAIMRCI, associating with poor-prognosis
in patients with T2DM diagnosed with BC compared with those
without DM. These findings corroborate previous clinical studies
reporting that vimentin is a poor prognostic biomarker and
therapeutic target in patients with BC and TNBC, primarily due
to its involvement in tumor progression and metastasis (82,83).

Furthermore, using the invasive BC cell line SK-BR3,
metformin was shown to suppress vimentin expression (84).
It would therefore be beneficial to monitor vimentin expres-
sion in patients with T2DM diagnosed with invasive BC and
determine overall survival. Importantly, RAGE neutralization
significantly inhibited GA-induced enhancement of vimentin
expression, indicating that RAGE is an important mediator of
GA-driven EMT and potentially stemness-related phenotypes.
This observation aligns with prior evidence suggesting that
AGEs, particularly GA, modulate EMT processes through
RAGE-dependent mechanisms (26). Other research tools such
as small interfering RNA technology could be applied to verify
and strengthen the key role of RAGE signaling in GA-induced
vimentin expression. Additionally, an in silico analysis of the
publicly available gene expression data from Panigrahi et al (51)
was conducted on 36 patients with DM and 37 without DM. The
small sample size may constrain the ability to draw statistically
significant or clinically meaningful conclusions, particularly
when considering potential confounding factors such as disease
duration, severity, HbAlc levels and treatment regimens. To the
best of our knowledge, no other publicly available diabetic BC
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datasets of sufficient sample size exist to allow further in silico
validation. Despite this limitation, the analyzed dataset offers
valuable preliminary insights that warrant further exploration.
These findings underscore the importance of monitoring the
gene expression levels of VIM, POU5F1 and AGER in local
Saudi cohorts of patients with BC and with DM.

In conclusion, the present study showed that GA stimulates
key tumorigenic and stemness-associated properties in IDC-
derived KAIMRC stem-like cells and TNBC MDA-MB-231
cells, representing in vitro models of BC subtypes prevalent
in patients with T2DM. GA primarily promotes prolifera-
tion in the poorly differentiated MDA-MB-231 cell line,
while concurrently enhancing stemness-associated
features, motility, invasiveness and EMT in the KAIMRCI1
stem-like cell line. These effects are mediated through the
RAGE signaling pathway, as evidenced by the reduction
in GA-induced vimentin upregulation following RAGE
neutralization. Bioinformatics analyses further indicate that
low vimentin expression is associated with improved overall
survival in patients with T2DM and BC. Although addi-
tional in vitro studies in primary IDC-derived BC cells are
warranted, these findings highlight the AGEs-RAGE axis as
a key mechanism linking hyperglycemia to enhanced stem-
ness in IDC-derived BCSCs and TNBC. Notably, vimentin
emerges as a potential prognostic biomarker, and targeting
the AGEs-RAGE pathway may represent a viable therapeutic
strategy. Further clinical research on the impact of VIM tran-
script levels and their associations with overall survival in
patients with T2DM with invasive BC is necessary to validate
its prognostic utility.
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