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Research Article Open Access

Mismatches in Premises and Conclusion Affect Deductive Reasoning: A >
tDCS-ERP StUdy iji;)eé:aktécs)r

Baris Ozdemir' © &3 g Sacit Karamiirsel 2

1 Maltepe University, Faculty of Humanities and Social Sciences, Department of Psychology, istanbul, Tiirkiye
2 Kog University, School of Medicine, Department of Physiology, istanbul, Tiirkiye

Abstract Objective: This study aimed to examine the interfering effect of mismatches on deductive reasoning, measured both
behaviorally and through event-related potentials (ERP), and whether anodal transcranial direct current stimulation (tDCS)
applied to the left prefrontal cortex (PFC) reduces this effect.

Materials and Methods: This study involved 27 healthy right-handed participants, including 11 women, with a mean age
of 27.21 + 6.76 years. Anodal stimulation was applied to the left PFC, while a cathode was placed on the right mastoid. All
participants completed inference tasks under both sham and anodal stimulation conditions. Within-group comparisons
were conducted to analyze behavioral performance and ERP recordings, which were compared between the sham and
anodal stimulation conditions.

Results: The results showed that the response rate for deductive inference tasks with the highest levels of mismatch
significantly increased after anodal stimulation compared to sham stimulation. However, there was no significant differ-
ence in reaction times between the two stimulation methods. Notably, the highest N2 wave in the frontal region was
observed during tasks with the greatest level of mismatch. However, no significant differences in N2 amplitude or latency
associated with anodal stimulation were detected.

Conclusion: The findings of the study indicated that anodal tDCS has a limited effect on inference tasks that involve
different levels of mismatch. This may be due to a ceiling effect caused by selecting a relatively simple form of inference
due to the control of confounding variables.

Keywords Effect - Deductive Reasoning - Prefrontal Cortex - Transcranial Electrical Stimulation - Event-Related Potential

Author Note This study was developed from the doctoral dissertation of Baris Ozdemir.
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INTRODUCTION

Deductive reasoning has been considered the keystone of human
cognition. Our ability to apply systematic thinking, understand
abstract concepts, analyze arguments, and navigate everyday
decision-making rests on deductive reasoning skills (1, 2). It is
crucial for various everyday activities and holds psychological
significance within the repertoire of higher-level cognitive processes.
This includes the ability to derive conclusions from prior beliefs,
observations, or suppositions and draw necessary inferences from
existing knowledge. Consequently, information can remain implicit
within previously encoded knowledge and become explicit only when
required (3).

Despite being an integral part of human thinking and learning,
research has shown that, to a large extent, people fall prey to
biases inconsistent with formal logic theories when they reason
(4). Among several factors (e.g, the cognitive effort required, the
content of the inference, and the emotional load) underlying these
biases that cause inferential errors in the form of conditional and
syllogistic logic, the mismatch effect is regarded as one of the leading
irrational biases (5, 6). When there is a mismatch in the elements
of the premises that make up the inference (such as semantic
incompatibility, conflicting information, or mismatches in perceptual
stimuli), it becomes challenging to make valid logical inferences.
Often, this cognitive load and complexity can lead individuals to
reasoning errors (7). Studies on this subject have revealed that
specific neural networks related to logical information processing
are activated during deductive reasoning and that these networks
are disrupted in the reasoning process when incompatible situations
(e.g., mismatching elements) are perceived (8). This disruption may
manifest in increased cognitive load, making it harder for individuals
to maintain coherent logical processing. The current study focused
on the extent to which electrical stimulation of the prefrontal
cortex might reduce cognitive load caused by the mismatch effect
(within perceptual features in the premises) and enhance deductive
reasoning performance.

The dominant theoretical explanation for the mismatch effect is
based on the dual process theory, which distinguishes between
fast, heuristic-based nature and intuitive processes (System 1) and
slower, rule-based and deliberative processes (System 2) (9-11). The
dual-process theory proposes that during deductive inference, two
different cognitive systems, System-1 and System-2, which mostly
conflict with one another, are activated. System-1 has evolved to
respond rapidly, utilizing heuristics, and is responsible for the
tendency to reject the inference (even if the inference is correct)
in the presence of a mismatch between the conditional premises
and the inferential clause. Typically, System-2 enables individuals to
inhibit this irrational rejecting tendency by engaging in an analytical
thinking process in line with the principles of formal logic. However,
since the success rate of System-2 in inhibiting System-1 varies

across individuals and contexts, it becomes possible to observe
incorrect inferences because of the dominance of System-1 (11,
12). Importantly, when cognitive load increases, individuals tend to
rely more heavily on heuristic shortcuts, reducing the opportunity
for analytic System 2 monitoring (13). This dynamic is particularly
relevant in real-world contexts, where time pressure and task
complexity can amplify the influence of intuitive processes on
deductive reasoning.

Event-related potential (ERP) studies have provided important
insights into the neural basis of the mismatch effect in reasoning.
The N2 component is a negative wave that emerges 200-350 ms
after a stimulus, usually peaking at approximately 250-275 ms. It
indicates the brain's detection of a mismatch, conflict, or the need
to inhibit a reflexive-like response (14, 15). When the characteristics
of the visual stimulus in the task (including its modality) do not
align with expectations, a high-amplitude N2 is recorded, most
prominently in the frontocentral scalp regions, such as the Fz,
FCz, F3, F4, and Cz electrode areas (15, 16). N2 is also associated
with conflict monitoring and consistently exhibits larger amplitudes
when individuals process incompatible premises. This increase in N2
reflects the increased cognitive load and conflict resolution demands
of mismatched reasoning tasks and frequently contributes to errors
or slower decision making (17). Prado et al. (2008) reported two
key findings: (i) inference-related mismatch effects were correlated
with N2 activity in the frontocentral region, and (ii) N2 amplitude
rose proportionally with the number of mismatching elements
(0, 1, or 2) (17). Interestingly, individuals with higher reasoning
performance showed lower N2 amplitudes under mismatch, implying
more efficient processing. Similarly, N2 has been widely studied,
particularly in go/no-go paradigms, as a marker of cognitive control
and inhibition. Later work refined this view, proposing that N2 reflects
cognitive conflict or dilemma rather than inhibition alone (15, 16).
Stronger cognitive conflict elicits greater N2 amplitudes, whereas
lower amplitudes are associated with better behavioral performance.
In the mismatch effect, N2 represents the cognitive effort required
as System 2 reasoning overrides System 1 intuitions.

In recent years, transcranial direct current stimulation (tDCS) has
been employed in numerous studies to explore how executive
functions influence performance on cognitive tasks by manipulating
brain stimulation in a laboratory setting. In tDCS, the current
provided by electrodes placed on the skull reaches the reference
electrode via the active electrode on the scalp, with some of it short-
circuited on the skull and the rest passing through brain tissue
(18). This method produces neuromodulatory effects that differ
depending on the polarity of the stimulation (anodal or cathodal).
Anodal tDCS generates a local excitatory effect in the cerebral cortex
region beneath the electrode, whereas cathodal tDCS decreases
excitability in the targeted area (19). Anodal stimulation causes
subthreshold stimulation in the membrane polarization of cortical
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neurons perpendicular to the stimulated region, resulting in a
depolarizing effect on their resting potentials. This modulatory effect
is sufficient to increase the firing frequency of these neurons. In
contrast, cathodal stimulation can cause a decrease in neural firing
by exerting a hyperpolarizing effect through a similar mechanism
(20). Studies have demonstrated that the effects of electrical
stimulation can last not only at the moment of stimulation but also
for minutes and even hours afterward (21).

In our study, we focused on how anodal stimulation of the relevant
area affects cognitive control and inhibition, particularly in logical
inferential tasks associated with prefrontal functions, specifically
the left prefrontal cortex (PFC). It is important to emphasize that
the PFC region was specifically targeted for electrical stimulation to
assess the impact of anodal stimulation compared to a condition
without stimulation. In summary, the current study is primarily
exploratory and seeks to investigate (i) the relationship between
deductive reasoning performance and the ERP component N2 in
relation to the mismatch effect, (i) the effectiveness of tDCS on
reasoning accuracy, and ultimately (i) whether improvements in
deduction task performance across varying levels of mismatch can
be observed through changes in N2 (indicating enhanced inhibition
of the mismatch effect) recordings, achieved by stimulating the PFC
using tDCS.

MATERIALS AND METHODS

Participants

The study group was comprised of 27 participants (11 women)
with a mean age of 27.21 + 6.76 years, all of whom were either
enrolled in or had completed a higher education program. The
mean years of education was 14.54 + 2.34. The inclusion criteria
were right-handedness (22), healthy, with no history of psychiatric
or neurological disease or chronic pain, not having any visual or
hearing disorder that could impair the study, and scoring 19 or below
on the Beck Depression Inventory (BDI). The participants’ mean BDI
score was 11.33 + 3.82. Participants were instructed not to consume
any alcohol, tea, coffee, or nicotine within 6 hours before the session
and to arrive with enough sleep and a full stomach. Experimental
sessions occurred between 10:00 a.m. and 4:00 p.m. Written informed

consent was obtained from the participants before data collection.

This study was approved on ethical grounds by the Clinical Research
Ethics Committee of Istanbul University (Date:10.02.2015, No:351).

Deductive Inference Task

The inference tasks in the study were derived from both valid
and invalid forms of the Modus Ponens (MP) type of conditional
reasoning. These tasks featured a conditional rule illustrating the
relationship between shape and color (eg, “If its shape is a
pentagon, its color is yellow."). Each trial consisted of a “conditional
if-then statement (in Turkish)” paired with a “pictorial target stimulus

(a picture of a colorful shape)” This setup aimed to minimize
saccades during the inference process while ERP was being recorded.
Trials were prepared with varying levels of mismatch, later referred
to as task type, determined by whether the shape and color terms
in the statements were repeated in the target stimulus. For example,
after the statement “If its shape is a square, its color is not yellow,"
the target stimulus “yellow square” was classified as not involving a
mismatch (MM-0) because the terms for both shape and color were
preserved. Conversely, following the statement “If its shape is not a
square, its color is not yellow,” the target stimulus “black circle” was
categorized as involving two mismatches (MM-2) because neither the
shape nor the color terms matched (Table 1). Negation for shape and
color terms in the statements were controlled for each task type, and
target stimuli never contained negation for the first term (MP rule)
in this study.

Seven shapes (pentagon, triangle, square, circle, star, plus, and
trapezoid) and eight colors (red, yellow, blue, green, black, white,
purple, and pink) were used in various combinations for the tasks. If
the colored shape on the target stimulus confirmed the rule defined
in the statement, participants were instructed to press the “correct”
button; otherwise, they pressed the “incorrect” button. Participants
scored one for correctly resolving the inference task and 0 for
incorrectly resolving it. Response rates were calculated based on
the average percentage of correct responses, and reaction time was
measured as the average correct response latency in milliseconds.
Two similar sets were prepared—one for the sham phase and
the other for the anodal stimulation phase—each containing 120
inference tasks composed of three different types of mismatch
conditions, referred to as “task types” (40 tasks of each kind: MM-0,
MM-1, and MM-2). To prevent learning bias, the sets were designed
to include an equal number of correct and incorrect inferences. The
task order for each task type was randomized within each set, and
the order of the phases (sham and anodal stimulation) was counter-
balanced across participants.

Stimuli were presented using PsyTask and displayed on a computer
screen. The text displayed on the screen was written in black on a
white background. Each trial started with a visual fixation mark in
the center of the screen for 500 ms (Figure 1). The two parts of the
conditional statement then appeared one line at a time, with the
first part (e.g, “If its shape is square”) appearing at 500 ms and
the second part (“its color is not green”) appearing at 1500 ms. The
entire statement remained on the screen for another 3000 ms. Then,
it disappeared, and the central dot reappeared for 500 ms. This
was followed by the target stimulus, which remained on the screen
until the subjects pressed one of two buttons with their right hand
(correct/incorrect response).

Experimed, 16 (2): 80-89
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Table 1. Examples for each type of Modus Ponens inference conditions used in the study.

Conditional premise Second premise .. Statement Target stimulus Level of mismatch HIT/CR
Conclusion (Conclusion)
Ifp=>q p..q If its shape is a square, its color is yellow. MM-0 HIT
Ifp->gq p..-q If its shape is a square, its color is yellow. . MM-1 CR
Ifp->-q p..-q If its shape is a square, its color is not yellow. . MM-1 HIT
Ifp = -q p..q If its shape is a square, its color is not yellow. MM-0 CR
If-p-=>gq -p .. g If its shape is not a square, its color is red. A MM-1 HIT
If-p->q -p .- If its shape is not a square, its color is red. A MM-2 CR
If-p > -q -p .. -q If its shape is not a square, its color is not red. A MM-2 HIT
If-p = -q -p .. q If its shape is not a square, its color is not red. A MM-1 CR

Italic items in the statements (premises) indicate mismatch with the target stimulus (conclusion). MM-0: No mismatching element between premises and conclusion; MM-1:
One mismatching element between premises and conclusion; MM-2: Two mismatching elements between premises and conclusion. HIT: Correct affirmative response; CR: Correct

negative response.

If its shape is a circle,

Correct/ Reject

f

If its shape is a circle,

its color is yellow

500 ms 1000 ms

3000 ms

500 ms Reaction

Figure 1. The schema illustrating the inference task used in the study.

Design and Procedure

The study consisted of a single session, including two phases, and all

participants attended both phases (sham and anodal stimulation).

Once the participants were seated 50 cm away from a 24-inch
monitor (2560x1440, 60 Hz), a 10/20 electroencephalography (EEG)
cap was placed on them. The anodal tDCS electrodes were connected
to the left PFC on the cap, and the reference electrode (via 5x7 cm
synthetic sponge) was connected to the right mastoid (Figure 2). It
was difficult to place the sponge in the left PFC area with the cap

on and to remove it without damaging the EEG cap after stimulation.

To fix this, the current from the anodal electrode was spread to the
F3, F7, and T3 electrodes on the EEG cap using three extra electrodes
(Figure 3). This was done to avoid irritation and pain from delivering
all the current through one small area. The EEG cap stayed on the

participant during both phases, as tDCS stimulations were given
through the cap, but no EEG recordings were performed. The first
phase of tDCS stimulation (sham or anodal) lasted 10 minutes. After
stimulation, the tDCS electrodes were removed, and EEG recordings
were performed during deductive inference tasks.

After completing the first set of tasks, participants were given a 10-
minute rest. The tDCS electrodes were then repositioned on the F3,
F7, and T3 regions of their caps, followed by a second 10-minute
stimulation, which was the reverse of the initial phase. Consequently,
each participant experienced two sets: one under the influence
of tDCS (following anodal stimulation) and one without the tDCS
effect (after sham stimulation). Behavioral performance and EEG
recordings were conducted for both sets. The recordings started after
10 exercise trials. To control potential order and practice effects,
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Figure 3. The electric-field modeling based on the final implemented electrode geometry (three anodal injection sites at F3/F7/T3 and the right-mastoid return).

the administration of stimulation was counter-balanced across
participants. Experimental sessions lasted for approximately 2 hours
in total.

tDCS was administered using a NeuroConn DC-Stimulator
(NeuroConn GmbH, Ilmenau, Germany) with a 9-volt battery. During
the anodal stimulation, the current ramped up to 2 mA over the
first 30 seconds, remained constant at this level for 10 minutes, and
then ramped down to 0 mA over the final 30 seconds. For the sham
stimulation phase, the current was similarly ramped up to 2 mA,
followed by a 30-second ramp down to 0 mA, where it remained for
the rest of the duration.

The study design was single-blind: the subjects were naive about
when sham/anodal stimulation was applied. At the beginning of
the study, the participants were misled by being informed that
they would perform tasks under two different types of active

stimulation during the same session. At the end of the experiment,
the participants were verbally asked whether they had felt the
stimulation. None of the participants believed that they had received
sham stimulation. The participants were subsequently informed
of the deception. The subjects have been informed to begin the
inference task after the tDCS has been turned off.

EEG recordings were conducted using a Mitsar-EED amplifier and
WiInEEG recording and analysis software. These recordings utilized 19
active channels, including Fp1, Fp2, Fz, F3, F4, F7, F8, Cz, (3, C4, T3,
T4, T5, T6, Pz, P3, P4, 01, and 02. The electrodes were attached via
a cap containing sintered Ag/AgCl electrodes. The active electrodes
were referenced to the average of the linked earlobes (A1 and A2).
Additionally, vertical (VEOG) and horizontal (HEOG) eye movements
were recorded using two electro-oculogram electrodes placed on
the nasion and the right exterior canthus of the eye, which helped
eliminate artifacts caused by eye movements. The EEG data were
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collected at a sampling rate of 512 Hz using a bandpass filter
(016-100 Hz). Impedances kept below 10 kOhm. To eliminate noise,
a 50-Hz notch filter was applied. The epochs were defined as from
200 ms before the time point of stimulus (t=0) to 800 ms after.
Baseline correction was applied for the 200-ms pre-stimulus period.
Eye blinks and muscle artifacts were removed using independent
component analysis. A maximum of 8% of trials for the sham
condition and 7% of trials for the anodal stimulation were excluded
from the analysis due to artifacts. The ERP’s were calculated based
on the correct responses. To calculate the amplitudes of N2, the peak
values (maximum negative deflection) were determined within the
following time windows: 200-300 ms. N2 latency was defined as the
peak latency.

Statistical Analyses

The SPSS 25 software package (SPSS Inc. Chicago, IL, USA) was used
to perform statistical analyses. The dependent variables included
behavioral and ERP responses elicited under inference tasks given
following the anodal and sham stimulation phases. The behavioral
responses were assessed by calculating the average percentage of
correct responses (response rate) and the average latency of these
correct responses (reaction time). To analyze the differences in the
dependent variables, we conducted a 3 (task type: MM-0, MM-1, and
MM-2) x 2 (stimulation type: sham and anodal) repeated-measures
ANOVA. For the ERP responses, we calculated averages from data
obtained from 9 EEG channels, grouped into three horizontal axes:
frontal (F3, Fz, and F&), central (C3, Cz, and C4), and parietal (P3,
Pz, and P4). We performed 3 (task type: MM-0, MM-1, and MM-2)
x 2 (stimulation type: sham and anodal) x 3 (anteroposterior
distribution: frontal, central, parietal) ANOVA. A Greenhouse-Geisser
adjustment was used to correct for violations of sphericity. Relevant
post hoc comparisons were conducted using Tukey HSD tests,
which account for multiple comparisons. The response rate and N2
amplitude differences (anodal-sham) of the participants during the
MM-2 task were compared using Pearson correlation. The significance
level was considered at p<0.05.

RESULTS

Behavioral Results

According to the behavioral analysis, the main effects of task
type and stimulation type on response rates were significant,
F(2, 24)=23.99, p<0.001, n%,=0.67, and F(1, 25)=4.26, p=0.05, n2,=015,
respectively. Post hoc analyses of task type showed that the response
rate was lower for MM-2 (M=0.91 + 0.01) compared to MM-0 (M=0.95
+ 0.01, p=0.04) and MM-1 (M=0.96 + 0.01, p=0.03). No significant
difference was found between MM-0 and MM-1(p=0.55). The response
rate after anodal stimulation was significantly higher than after sham
stimulation (Table 2).

Table 2. Descriptive statistics of response rate and reaction time after sham and anodal
tDCS

Sham Anodal General
Tasktype  Parameters
Mean + SD Mean + SD Mean + SD
Response Rate 0.94 £ 0.01 0.96 £ 0.01 0.95 +0.01
MM-0
Reaction Time 1217 £ 51 1187 + 57 1202 + 51
Response Rate 0.97 £ 0.01 0.96 £ 0.01 0.96 + 0.01
MM-1
Reaction Time 1389+ 73 1359 + 63 1374 + 68
Response Rate 0.88 +0.02 093 +0.01 090+ 0.01
MM-2
Reaction Time 1444 + 63 1389 + 67 1417 + 63
Response Rate 0.93+0.01 0.95 +0.01 094+ 0.01
Total
Reaction Time 1350 + 58 1312 + 61 1331+ 57

Response rates were calculated based on the average percentage of correct
responses; reaction time was measured as the average correct response latency in
milliseconds. tDCS: Transcranial direct current stimulation; Sham: Sham stimulation:;
Anodal: Anodal stimulation; General: Combination of sham and anodal stimulations;
SD: Standard deviation.

A significant interaction between task type and stimulation type was
also observed, F(2, 24)=3.36, p=0.05, n2,=0.22. Further analyses were
conducted to compare the effect of tDCS at each level of mismatch.
For MM-2 tasks, anodal stimulation resulted in a significantly higher
response rate than sham stimulation (p<0.05). In contrast, no
significant differences were observed between anodal and sham
stimulation for MM-0 (p=045) or MM-1 (p=0.62) tasks (Figure 4).

In the analysis of reaction time, only the main effect of task type
was significant, F(2, 24)=19.48, p<0.001, n2,=0.62. Tukey’s HSD post hoc
analyses showed that the average reaction time under the MM-0
task was significantly shorter than under the MM-1(p<0.01) and MM-2
tasks (p<0.001). No significant difference was observed between the
MM-1 and MM-2 tasks (p=0.64). The reaction time across deductive
inference tasks under sham and anodal stimulation conditions is
presented in Table 2. The main effect of stimulation type and
the interaction between stimulation type and task type were not
significant on reaction times, F(1, 25)=1.26, p=0.27, and F(2, 24)=0.22,
p=0.80, respectively. No significant correlations were found between
the response rate and N2 amplitude differences (anodal-sham) of
the participants during the MM-2 task, r(25)=018, p=0.37.
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Figure 4. Response rates (based on the average percentage of correct responses)
and reaction times (in milliseconds) measured following sham and anodal
stimulation. (a) Only for MM-2 tasks, anodal stimulation resulted in a significantly
higher response rate compared to sham stimulation; no significant differences were
observed between anodal and sham stimulation for MM-0 or MM-1. (b) The reaction
time differences were not significant for any task. MM-0: No mismatching element
between premises and conclusion; MM-1: One mismatching element between
premises and conclusion; MM-2: Two mismatching elements between premises and
conclusion. *p<0.05

N2

The main effects of task type and anteroposterior distribution on N2
amplitudes were significant, F(2, 26)=519, p=0.01, n2,=0.29, and F(2,
26)=9.96, p=0.001, n2,=0.43, respectively . Post hoc analyses of task
type showed that the highest negativity was observed under the
MM-2 task (-1.30 + 0.58 pV). Negativity recorded under the MM-1 (-
0.73 + 0.82 YV, p<0.05) and MM-0 (-0.35 + 0.59 puV, p<0.01) tasks was
significantly lower than under the MM-2 task. Post hoc analyses of
the anteroposterior distribution revealed that the highest negativity
was observed at frontal electrodes (-1.86 + 0.65 V). Negativity in
the central region (-0.66 + 0.66 pV, p<0.01) and parietal region (013
+ 0.51 pV, p<0.01) was significantly lower than in the frontal region.
The central and parietal regions did not differ significantly (p=0.09).
The main effect of stimulation type was not significant, F(1, 27)=1.05,
p=0.32 (Figure 5). The interaction of task type x stimulation type on

N2 amplitude was not significant, F(2, 26)=2.26, p=0.12, n%=0.15. Figure
6 illustrates how different types of tasks affect the distribution of N2
amplitude on frontal regions.

Analyses of N2 latency revealed only a significant main effect of task
type, F(2, 25)=6.93, p<0.01, n2,=0.36. The longest average N2 latency
was observed under the MM-2 task (268.62 + 615 ms), whereas
latencies under the MM-0 (249.46 + 6.61ms, p=0.02) and MM-1(25410 +
7.80 ms, p=0.03) tasks were significantly shorter. The effect of anodal
stimulation on N2 latency across task types was not significant, F(2,
25)=0.47, p=0.63 (Figure 6).
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Figure 5. ERP results in response to inference-making tasks after sham and anodal
stimulation within the N2 time window (200-300 ms). No significant differences
were observed between anodal and sham stimulation.
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Figure 6. ERP results in response to MM-0, MM-1, and MM-2 tasks at frontal sites
within the N2 time window (200-300 ms). No significant differences were observed
between tasks. MM-0: No mismatching element between premises and conclusion;
MM-1: One mismatching element between premises and conclusion; MM-2: Two
mismatching elements between premises and conclusion.

DISCUSSION

This study aimed to compare deductive reasoning performance
under different levels of mismatch (between terms in the premises
and the conclusion) and under different types of cortical stimulation
(sham versus anodal tDCS) when the content is arbitrary. The
important originality of this study lies in the fact that the analyses
were enriched by including the differences in behavioral and ERP
signals associated with tDCS applied to participants.

Behavioral Results

Participants' response rates were slightly but significantly poorer on
the task MM-2 (which had the highest level of mismatch between
elements in the premises and conclusion), especially under sham
stimulation. This was an expected result via the “mismatch effect”
This effect results from the tendency to consider information that
matches the lexical content of the premises of deductive inference
as logically correct, even if it is logically incorrect, and to consider
information that does not match as logically incorrect, even if it is
logically correct (23). Previous studies have shown that performance
on logical inference tasks decreases when the level of mismatch
between the terms in the inference increases (17). Therefore, it could
be expected that under the MM-2 task (e.g., premise: "If its shape is
not square, its color is not green"; Conclusion: A red circle. The two
terms that define the color and shape in the premise and conclusion
do not match), there would be an increase in the rate of individuals
who give the wrong answer and evaluate the inference as "incorrect"
without evaluating the inference via formal logic. In parallel, since
the accuracy of inferences made with logical validity is related to the
ability to suppress the mismatch effect, participants are expected to
spend more cognitive effort and, therefore, more time. In this context,
increased reaction times are expected in inference tasks with high
mismatches. Indeed, the findings of this study partially support this.
Increased reaction times were observed as the level of mismatches

increased in the inference task; however, a significant difference was
only observed in the MM-2 task. The difference between MM-1 and
MM-0 was not significant (this was also the case in the response rate
comparison). With anodal stimulation, an improved effect of tDCS
on performance was found only in the response rates of the MM-2
task; reaction times in all tasks tended to accelerate with anodal
stimulation, but the differences remained insignificant.

The lack of a significant difference in response rate and reaction time
between the MM-0 and MM-1 tasks may be due to the participants'
perceived ease of the task (ceiling effect). The observed ceiling
effect on performance is likely because all tasks used in this study
were designed using the modus ponens form of propositional
logic, manipulating only the levels of mismatch. This was done to
control for the confounding effects of different logical inference
forms, namely, Modus Ponens (MP), Modus Tollens (MT), Denying the
Antecedent (DA), and Affirming the Consequent (AC), on performance.
Previous studies have shown that inferences in the MP form require
relatively less cognitive effort than other types of inference. It is the
type with the highest average success rates (reaching up to 95%); in
other words, it is the easiest type of deduction for individuals (3,
24). The reason for the higher performance on this type of inference
is explained by referring to the differential cognitive demands
imposed by the number of mental models required to compute
in each case (25). In this study, the inclusion of two mismatching
elements was sufficient to create a relatively challenging situation
for the participants, and a significant level of difficulty was not
achieved among the other mismatch levels. Nevertheless, the
performance-enhancing effect of anodal tDCS was detected in a
relatively challenging cognitive task (MM-2 in this case) and has been
demonstrated recently in some studies examining tasks more similar
to those in this study, as well as less deviant tasks (26, 27).

Electrophysiological Results

The finding of the highest N2 negativity in the most mismatched
task (MM-2) within the frontal region aligns with recent research
on deductive inference, which identified N2 waves recorded in
the frontocentral region when a conclusion statement directly
contradicts the premises held in working memory (17, 28). Dual-
processing theory considers frontocentral N2, a marker of cognitive
dilemma solving, irrational bias, and heuristic inhibition. According
to this theory, as the level of mismatches in inferences increases, N2
negativity should also be expected to increase (6, 29). In other words,
the cognitive effort expended by individuals to inhibit the mismatch
effect is correlated with N2 negativity. From this perspective, a
significant dissociation in terms of negativity should also be
expected between the MM-1 and MM-0 tasks; however, no such
findingwas found in the current study. In addition to the ceiling effect
mentioned in the above discussion regarding behavioral findings,
another explanation for this could be that the literature has shown
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that the N2 wave can occur not only due to mismatches between the
termsin the inferences but also, on a larger scale, when the inference
result does not match the expected outcome. In other words, N2 has
been detected in individuals who give the "false" response when
faced with an "incompatible" conclusion following the premises (30).
In half of the MM-0 task, despite having no mismatched terms, (e.g,,
Premise: If the shape is a pentagon, its color is not yellow. Conclusion:
A yellow pentagon. Answer: False), false inferences are also present,
and the individual is expected to correctly falsify the inference upon
seeing the resulting statement. Therefore, it is plausible that half of
the problems comprising the MM-0 task elicited a certain level of
N2. However, the fact that significantly lower N2 negativity was not
elicited compared to MM-1, as observed in behavioral findings, can
be explained by the participants' ability to perform these two task
types without difficulty. In other words, the mismatch effect may not
have been effective in the MM-0 and MM-1 task types; the categorical
effect of mismatch in terms of ERP waves appears to have emerged
only in MM-2.

One of the main objectives of the present study was to determine
whether N2 may be associated with cognitive performance
enhancement that may occur with tDCS. Prado et al. (2008) found that
those who were most successful in the deductive inference task had
the lowest N2 amplitude, meaning that they were mentally prepared
for possible inference outcomes after the premises and performed
accuracy checks without needing to inhibit matching bias (17). In this
study, it should have been expected that the N2 amplitude, indicating
the intensity of cognitive inhibition, would increase positively with
the exciting effect of tDCS in all tasks (without separating according
to mismatch levels) and in the MM-2 task, where only behavioral
success enhancement was observed. However, no significant results
were found in this direction. Although a greater reduction in MM-2
latency was reported in relation to tDCS compared to other tasks, it
was not statistically significant. The conclusion that can be drawn
from this is that the improvement in behavioral performance on
deductive inference tasks, specifically on the most difficult task in
this study, MM-2, cannot be attributed to an increased ability to
suppress the cognitive dilemma created by conflicting terms, as
predicted by the dual processing theory. Instead, it is more plausible
that the performance improvement on the MM-2 task is due to
improvements in general working memory, such as a decrease in
cognitive load on the participants or increased sustained attention
following stimulation of the DLPFC.

CONCLUSION

Overall, the present study provides partial but meaningful evidence
regarding how more cognitively challenging inferences with arbitrary
content are influenced by varying levels of mismatch and anodal
tDCS applied over the frontal cortex. Behaviorally, participants
showed clear sensitivity to mismatches only at the highest level

(MM-2), consistent with the expected increase in mismatch effect
and cognitive demand. Although the easier MP-based structure of
all tasks likely created a ceiling effect, limiting the detection of finer
differences between MM-0 and MM-1, the study still revealed that
anodal stimulation improved response accuracy specifically in the
most demanding condition. This indicates that tDCS may facilitate
performance when inhibitory control and bias suppression are taxed.
Electrophysiologically, the results align with the existing literature
showing increased N2 negativity under greater mismatch, reflecting
heightened conflict monitoring and heuristic inhibition demands.
However, like the behavioral findings, the mismatch effect emerged
robustly only for MM-2. The trend toward reduced N2 amplitude
and latency under anodal stimulation, although nonsignificant, is
consistent with the notion that tDCS may modulate the neural
processes involved in bias suppression and cognitive control.

The most important limitation of this study is that the inference tasks
were prepared only in the relatively easy MP form. Future studies
employing more cognitively demanding inference types or reducing
ceiling effects may better clarify the interaction between stimulation,
reasoning performance, and associated neural dynamics. One
methodological limitation of the study is that, owing to technical
difficulties, anodal tDCS stimulation had to be applied not only to the
F3 region but also to a broader area encompassing the orbitofrontal
and temporal regions, rather than the conventional left dorsolateral
prefrontal cortex (DLPFC). This may have disrupted the stimulation
x task type interaction effect in the ERP findings. Another limitation
of this study is the counter-balanced administration of stimulation
types (sham or anodal) to participants. While this approach was
selected to mitigate potential order and practice effects, it did not
eliminate the confounding carry-over effect associated with anodal
stimulation on the performance of participants who received anodal
stimulation first. We recommend that future research address this
issue by scheduling sessions on separate days. Another limitation is
that the number of correct responses in the tasks was balanced only
for the total number of HIT and CR responses, but the equivalence
of the HIT and CR ratios within the MM-0, MM-1, and MM-2 tasks
was not considered. In other words, when inference problems are
categorized as HIT and CR, different ratios of MM-0, MM-1, and MM-2
are observed within these categories. Because the focus of the study
regarding inference problems was the mismatch level, we excluded
an experimental design that would focus on the differences in HIT
and CR responses. Numerous studies have observed the mismatch
effect on CR responses, particularly in the N2 context, unlike HIT.
Future studies could shed light on this issue by comparing the effects
of anodal stimulation on mismatches in inference content and those
related to CR. Finally, the last limitation of the study is its single-
blind design. Future studies should adopt double-blind protocols to
rule out potential experimenter expectancy effects in the results.
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Abstract Objective: The ubiquitin system plays a central role in regulating intracellular protein homeostasis and cellular signaling. 3
ubiquitin ligases, in particular, are key modulators of protein degradation and have been implicated in cancer progression,
including breast cancer. DHRS2, a gene known to suppress MDM2 activity through its ubiquitin-binding domain, has recently
emerged as a potential regulator in tumor biology. This study investigated how DHRS2 expression influences selected E3
ubiquitin ligase genes in breast epithelial cells.

Materials and Methods: MCF-7 and MCF-10A cell lines were used. DHRS2 was either overexpressed using a vector-based
system, or silenced via siRNA. After transfection, quantitative reverse transcription polymerase chain reaction (qRT-PCR)
was performed to evaluate changes in the expression levels of BRCA1, BARD1, and STUBI.

Results: In MCF-7 cells, DHRS2 overexpression induced a fourfold increase in BRCAT expression, whereas STUBT and BARD1
were downregulated (0.56-fold). In MCF-10A cells with naturally low DHRS2, STUBT expression increased 1.5-fold after DHRS2
knockdown, and BARD1 expression correlated positively with DHRS2 levels.

Conclusion: This study highlights a potential regulatory link between DHRS2 and key E3 ubiquitin ligases-BRCAT, BARD1,
and STUBT. Differential patterns across cell types indicate DHRS2 as a context-dependent modulator of ubiquitin-mediated
pathways, supporting its relevance in biomarker discovery and therapeutic targeting in breast cancer.
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INTRODUCTION

Breast cancer, which is characterized by various biological subtypes,
is the most prevalent cancer in women (1, 2). The molecular
classification of breast cancer relies on the expression patterns
of human epidermal growth factor receptor 2 (HER2), progesterone
receptor (PR), and estrogen receptor (ER), which define luminal A,
luminal B, HER2-enriched, and triple-negative subtypes (3). Although
numerous risk factors for development and progression have been
identified, the etiology of breast cancer remains largely elusive.
Despite advancements, the survival rates for patients with breast
cancer remain inadequate, so novel therapeutic targets are urgently
needed (4).

The ubiquitin proteasome system (UPS) is a mechanism by which
proteins are degraded in cells. This process involves a cascade of
three enzymes, E1, E2, and E3, and the addition of a molecule called
ubiquitin to proteins (1). E3 ligases of the UPS have been identified as
either oncogenes or tumor suppressors in breast cancer, influencing
key factors such as epigenetic regulators, signaling pathways and
the DNA damage response (4). BRCAT, BARD1, FBXW7, and STUBT act
as tumor suppressor E3 ligases, whereas TRIM6 and MDM2 act as
oncogenic E3 ligases (5-7). Therefore, elucidating the mechanisms
of UPS and its involvement in breast cancer development and
progression holds promise for enhancing cancer therapeutic and
immunotherapy efficacy (4).

In breast cancer, p53, often called the "gatekeeper of the genome," is a
vital transcription factor that regulates various cellular functions. As
an E3 ubiquitin ligase, MDM2 targets p53 for ubiquitination, thereby
directing it to proteasome-mediated degradation (2). DHRS2 (Hep27),
a member of the short-chain alcohol dehydrogenase/reductase
(SDR) enzyme family, inhibits MDM2 and activates p53 functions, as
well as other essential cellular processes (8).

DHRS2 expression is particularly decreased in ovarian cancer tissues,
and its downregulation correlates with adverse patient outcomes
(8). Furthermore, suppression of the LEFT gene in the Jurkat cell line
significantly reduced the gene expression of DHRS2 (9). DHRS2 has
also emerged as a potential marker for breast cancer metastasis.
When the function of the cellular mechanism resulting from the
suppression of DHRS2 gene expression was examined in the MCF-7
cell line, a migration-reducing function was shown (10). Given
the central role of p53 in regulating oncogenic activity, there is
evidence to suggest that overexpressed Myb stabilizes p53 in a
DHRS2-dependent manner. The ubiquitin-proteasome system plays
a key role in cell cycle regulation, signal transduction, and protein
quality control. Furthermore, c-Myb plays a role in various types
of cancer. Some genes, including c-Myc, contain c-Myb regions in
their promoter regions (11). E3 ligases, such as TRUSS, STUBT, and
FBXW7, modulate the stability of the c-Myb protein (12). FBXW7 also
targets CCNET for ubiquitin-mediated degradation (13). Furthermore,

TRIM6 functions as an E3 ubiquitin ligase that plays a role in cell
development, apoptosis, and autophagy and interacts with STUBT to
induce its ubiquitination (7). STUBT is a chaperone-associated U-box
E3 ligase that binds to chaperones and targets various substrates
for degradation via the 26S proteasome (12-14). In breast cancer,
STUBT suppresses tumor progression by ubiquitinating substrates,
such as HER2 and C-terminal binding protein 2 (CtBP2) (15). BARD1
exhibits low-frequency mutations in breast cancer and interacts with
BRCA1. The BARD1-BRCAT complex plays a crucial role in the DNA
damage response by inducing the ubiquitination and degradation
of damaged proteins, similar to that observed with BRCA2 in DNA
damage repair (16-18). Dysfunction of numerous E3 ubiquitin ligases
can significantly impact the behavior of cancer cells, including
metastasis in breast cancer (1).

In this study, we provide an overview of E3 ligases. We
comprehensively characterized the roles of BARD1 and STUBT E3
ubiquitin ligases in breast cancer and changes in the intracellular
expression of the DHRS2 gene. This study represents the first attempt
to elucidate the relationship between DHRS2 and essential ubiquitin
ligases in breast cancer. We also examined the overexpression or
inhibition of the DHRS2 gene in four types of breast cancer cell
lines in the presence of several ubiquitin ligase genes (BRCAT, BARDY,
FBXW?7, STUBT, TRIM6, MDM2, and TRUSS) via in silico analyses.

MATERIALS AND METHODS
Cell Culture and Transfection

Each experimental group for the respective cell lines was seeded
in 24-well plates to assess changes in gene expression levels.
Transfection procedures were performed using Lipofectamine™
3000 (ThermoFisher, USA), which facilitated the delivery of DHRS2
SiRNA (Dharmacon OnTarget Plus Smartpool, USA) and expression
vector (OriGene, DHRS2 (NM_182908) Human Tagged ORF Clone, USA)
following the manufacturer's recommended protocols. The cells were
co-transfected with 30 pmol of siRNA and 0.25 ug of vector.

RNA Isolation and cDNA Synthesis

DHRS2 expression was silenced using siRNA and enhanced via
an expression vector in MCF-7, MCF-10A, T47D, and MDA-MB-231
cell lines (ATCC, USA). The cells were maintained under standard
culture conditions and stored at -80 °C until subsequent analyses.
Total RNA was isolated from these cell lines using the RNeasy
Mini Kit (QIAGEN, Hilden, Germany) following the manufacturer's
protocol. RNA quantity and purity were assessed using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Complementary DNA (cDNA) was synthesized from the extracted RNA
using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher, USA) according to the supplier's guidelines. A flow chart
detailing the experimental methodology is provided in the study to
facilitate a comprehensive understanding (Figure 1).
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Figure 1. Graphical abstract of the experimental workflow for mRNA expression analysis. The study design consists of five sequential stages: (1) Collection and storage of breast
cell lines (MCF-7, MDA-MB-231, T47D, and MCF-10A) at -80°C, followed by automated total RNA isolation. (2) Reverse transcription of the purified RNA into complementary DNA
(cDNA) using reverse transcriptase enzyme. (3) Storage of synthesized cDNA at -20°C or direct quantitative polymerase chain reaction (qPCR) amplification utilizing locus-
specific forward/reverse primers, DNA polymerase, and fluorophore-based real-time detection. (4) Screening and quantification of target gene panels associated with cellular
regulatory pathways, including DHRS2, MDM2, MYC, STUB1, FBXW?7, TRUSS, TRIM6, CCNE1, BRCAT, BRCA2, and BARD'. (5) Monitorization of real-time amplification curves across cycles
relative to the baseline fluorescence threshold line. Relative mRNA expression levels in each sample were quantified using the comparative 222 method. cDNA: complementary

deoxyribonucleic acid, qPCR: quantitative polymerase chain reaction, Ct: cycle threshold

Transfection efficiency was confirmed 48 hours post-transfection by
evaluating DHRS2 mRNA expression levels via quantitative reverse
transcription polymerase chain reaction (qRT-PCR) in relation to the
non-targeting control (NTC) group. Successful overexpression was
verified by a statistically significant increase in DHRS2 mRNA levels
in the vector group, and knockdown efficiency was confirmed by
a significant reduction in DHRS2 mRNA levels in the SiRNA group
relative to the NTC. A non-targeting control siRNA (Dharmacon,
scrambled sequence with no significant homology to any known
mammalian gene) was used as the negative control for all siRNA
transfection experiments, whereas an empty vector served as
the control for overexpression experiments. All experiments were
performed in biological triplicates, and each sample was analyzed in
technical duplicates.

Gene Expression Assay

The forward and reverse primer sequences (5'-3') designed for the
candidate genes are shown in Table 1. The TATA-binding protein
(TBP) gene was used as a housekeeping control to normalize
the expression of each candidate gene. qRT-PCR was performed
using LightCycler 480 SYBR Green | Mix (Roche Diagnostics GmbH,
Mannheim, Germany) and LightCycler 480 Instrument Il (Roche
Diagnostics GmbH, Mannheim, Germany) under the following PCR

conditions: 95°C for 5 min, followed by 45 cycles of 95°C for 20 s,
64°C (variable gene-specific) for 20 s, and 72°C for 15 s. Quantification
was performed using CT (cycle threshold) values, and relative fold
change rates were determined using the 2%2“ method for subsequent
statistical analyses. The TBP gene was selected as the reference gene
based on its well-established stability in breast cancer cell lines. Ct
values for TBP showed consistent expression across all experimental
groups and cell lines, with no statistically significant variation
detected between the vector, siRNA, and NTC groups, confirming its
suitability as a housekeeping gene for normalization in the present
study.
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Table 1. Primer sequences used for gRT-PCR analysis.

Forward
FBXW7

Reverse

Forward
CCNET

Reverse

Forward

MYC

Reverse

Forward
STUBT

Reverse

Forward
BRCA1

Reverse

Forward
TRIM6

Reverse

Forward
TRUSS

Reverse

Forward
MDM2

Reverse

Forward
BRCA2

Reverse

Forward
BARD1

Reverse

Forward
DHRS2

Reverse

Forward

TBP
Reverse

ACTAACTGGAGGCGAGGAGA
GCCTGTGACTGCTGACCAAA
CCCAAACTCAACGTGCAAGC
TTGCTCGCATTTTTGGCTGC
CAGGACTGTATGTGGAGCGG
GCTGTCGTTGAGAGGGTAGG

GAGGCCAAGCACGACAAGTA
ATGTCCTTGCGGTCGTAGGT

CCGAAGAGGGGCCAAGAAAT
ACAGACACTCGGTAGCAACG

GGAAGAGAAGAAGGGGCTACG
CAGGGTCCAGAACTCACTCC
GCAGCTCGCTAATTTCTGCC
TCTGACACCTTTCGAGTCGC

CTACAGGGACGCCATCGAAT
ACTCTCCCCTGCCTGATACA
CAGCAGACCCAGCTTACCTT
TACGCAACTTCCACACGGTT
CAAACGGTGCCCTCAGAAAA
GGACTAGACATCACTCGCCT
GCTGTCATCCTGGTCTCTTCC
CTGGAACCACGCAGTTTACC

ACTTGACCTAAAGACCATTGCAC

CTTGAAGTCCAAGAACTTAGCTGG

The forward and reverse oligonucleotide primer sequences designed for the quantification of target human genes (FBXW7, CCNET, MYC, STUBT, BRCA1, TRIM6, TRUSS, MDM2, BRCA2,

BARD1, DHRS2, TBP) are presented in the 5' > 3' orientation.

Analysis of the Functional Interactions of Candidate Genes

Functional protein interactions were identified using the STRING
database (version 11.5; https://string-db.org). The results were
visualized using various bioinformatics tools. The UbiNet version
2.0 (Database of E3-Substrate Interactions; http://ubinet2.yinlab.uh.
edu) was used to analyze the relationships between E3 ubiquitin
ligase genes and substrates. The expression analysis of the
samples on biological networks, protein-protein interactions, and
functional enrichment related to 10 different genes was performed,
and network graphs were generated using the OriginLab software
(OriginLab Corporation, Northampton, MA, USA).

Statistical Analyses

Homogeneity tests were performed using SPSS 20.0 (SPSS, Chicago,
IL, USA), and the normality of gene expression distributions
was assessed. Independent samples t-test was used to evaluate
differences between the siRNA and vector groups. Pearson’s
correlation analysis was used to determine the level of association
between groups. Box plots of expression values were generated using
GraphPad Prism version 9.51 (GraphPad Software, San Diego, CA,

USA), whereas heatmap graphs visualizing gene expression values
in cell lines were created using the same software. Chord graphs
that illustrate the impact of DHRS2 levels on ubiquitin ligase gene
expression were generated using the Flourish data visualization tool
online. The outline of the workflow and expression data analysis
conducted using bioinformatic strategies in this study is shown in
Figure 2. Statistical significance between groups was evaluated using
the independent samples t-test, and differences were considered
statistically significant at p<0.05. Significance levels are denoted in
all figures as follows: *p<0.05, **p<0.01, ***p<0.001; ns, not significant.
Where differences between groups did not reach conventional
significance thresholds, this is indicated accordingly and discussed
in relation to the biological variability observed across experimental
groups.
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Figure 2. Outline of the workflow and expression data analysis in this study using
bioinformatic strategies. The computational pipeline illustrates the systematic
identification and characterization of E3-ubiquitin ligases through five core stages:
(1) Screening of functional networks via the STRING tool to map protein-protein
interactions (PPI). (2) Analysis of E3-substrate interactions to define specific
substrate-target profiles. (3) Co-expression network construction to visualize gene
expression correlation networks. (4) Systematic screening and filtering of candidate
E3 ligases, represented by differential expression profiles in a heat map. (5)
Final data visualization of multi-variable genomic or transcriptomic interactions
generated as a chord graph (radial network diagram). E3: Ubiquitin ligase E3; PPI:
Protein-Protein Interaction; STRING: Search Tool for the Retrieval of Interacting
Genes/Proteins.

RESULTS

In the initial phase of this study, a broad panel of E3 ubiquitin
ligase genes was screened, including FBXW7, TRIM6, TRUSS, MDM?2,
BRCA2, MYC, CCNE1, BRCAT, BARD1, and STUB1. Of these, BRCA1,
BARD1, and STUBT showed the most statistically consistent and
reproducible expression changes in response to DHRS2 modulation
across the cell lines examined and were therefore selected for
detailed characterization. Expression data for the full panel across
all cell lines are provided in Figure 3. The comprehensive relative
fold change ratios for the full target gene panel under DHRS2
vector induction and siRNA knockdown conditions are detailed in
Figure 4. Four breast cell lines with distinct molecular profiles were
used to evaluate the intracellular effects of DHRS2 modulation
on E3 ubiquitin ligase gene expression. The receptor status, p53
background, and basal DHRS2 expression levels of these cell lines
are summarized in Table 2.

Table 2. Molecular characteristics of breast cell lines used in this study.
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Figure 3. DHRS2 gene expression levels in experimental groups after optimization

Network Analysis of DHRS2 Gene Interactions with
Candidate E3 Ubiquitin Ligases

The functional associations between DHRS2 and selected E3
ubiquitin ligase genes were first examined using publicly available
interaction databases before experimental validation. The STRING
database (version 11.5) was used to evaluate protein interaction
networks centered on DHRS2, with MDM2 as the primary
known interaction partner. This analysis confirmed the previously
established functional association between DHRS2 and MDM2 and
identified predicted network connections to BRCA1, BARD1, and STUB1
based on co-expression and co-occurrence data derived from the
literature. The UbiNet 2.0 database was additionally used to map
E3 ligase-substrate interaction networks relevant to the candidate
genes. These database-derived network analyses served as the
basis for candidate gene selection and are presented independently
from the experimental qRT-PCR expression results described in the
following sections.

Variable Expression Levels of DHRS2 in Breast Cell Lines

DHRS2 expression was successfully modulated across MCF-7,
MCF-10A, T47D, and MDA-MB-231 cell lines using SiRNA-mediated
silencing and expression vector enhancement. The silencing rates
were recorded as 90% for MCF-7, 89% for MDA-MB-231, 78% for
T47D, and 57% for MCF-10A. Concurrently, overexpression assays

Cell line Subtype ER PR HER2 p53 status Basal DHRS2 expression
MCF-7 Luminal A + + = Wild-type High

T47D Luminal B + + - Mutant (L194F) Moderate

MDA-MB-231 Triple-negative = = = Mutant (R280K) High

MCF-10A Non-tumorigenic - - - Wild-type Low (basal)

ER: Estrogen Receptor; PR: Progesterone Receptor; HER2: Human epidermal growth factor receptor 2
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Figure 4. The relative fold change in target gene expression after comparing DHRS2 expression in MCF-7, MDA-MB-231, T47D and MCF-10A cells a) Quantitative gene expression
profiles of target panels (including TRUSS, STUBT, MDM2, FBXW?7, TRIM6, BRCA2, BARD1, BRCAT, MYC, and CCNET) in MCF-7, T47D, MCF-10A, and MDA-MB-231 cells transiently transfected
with the DHRS2 expression vector. b) Downregulation effects and subsequent relative mRNA fold changes of the identical target gene panels following treatment with DHRS2-

specific small interfering RNA (siRNA) within the respective breast cell lines.

demonstrated increase rates of 26,06818, 7,885.57, 6,101.72, and
4,608.24 for MDA-MB-231, MCF-10A, MCF-7, and T47D, respectively. The
lower silencing rate observed in MCF-10A can be attributed to its
naturally lower basal expression levels compared to the cancer cell
lines used in this study.

As detailed in the Figure 4, high silencing efficiency was
achieved alongside substantial increases in DHRS2 levels across
all experimental groups. The resulting impact on the expression
profiles and relative ratios of candidate E3 ubiquitin ligase genes
is illustrated in the comparative bar charts provided. In the MCF-7
vecDHRS?2 cell line, BRCAT expression increased four times compared
to that in the control group. However, no significant alterations
in BRCAT expression were observed between the vector and siRNA
groups in other cell lines. The relative expression levels of the STUBT
and BARD1 genes were reduced by 44% in MCF-7 cells overexpressing
DHRS2, and both genes were expressed at the same levels. STUBT did
not show a fold change in expression in the vector group, whereas
BARD1 showed a 1.5-fold increase in expression in the control
MCF-10A cell line.

qRT-PCR Expression Results Confirm DHRS2-Associated
Changes in Candidate Gene Expression

The following sections present the experimental qRT-PCR expression
data obtained from DHRS2 overexpression and knockdown
experiments in breast cell lines. These findings are independent of
the in silico predictions described, which were derived from publicly
available databases and used solely to inform the selection of
candidate genes prior to experimentation.

DHRS2 expression levels were evaluated in different breast cell
lines, including the fibrocystic MCF-10A breast cell line, luminal A
breast cancer groups, and triple negative breast cancer subtype. In
particular, DHRS2 exhibited high expression in MDA-MB-231 cells, a
metastatic cancer cell line. However, basal expression levels were
observed in the MCF-10A cell line, and the highest expression was
observed in the nonmetastatic breast cancer cell line MCF-7.

BRCA1 Expression Correlates with Intracellular DHRS2
Levels in MCF-7 Cells

The relative expression of BRCAT, which decreased in MCF-7 SiDHRS2
cells and increased approximately fourfold in MCF-7vec DHRS2 cells,
is shown in Figure 5. Network analysis revealed a strong positive
correlation between the BRCAT gene and DHRS2, where BRCAT

=
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Figure 5. Relative expression rates of STUB1, BARD1, and BRCAT genes in MCF-10A
and MCF-7 cell lines

expression increased in the presence of DHRS2 and decreased in its
absence.

The Intracellular Expression Level of DHRS2 Affects the
Expression of STUBT and BARD1 Genes

In Figure 6, network plots were generated based on changes in
total expression levels (independent of group differences). Blue
lines connect groups with significant mutual effects and opposite
expression patterns, whereas red lines connect those with similar
values or tendencies. The expression of the BARDT and STUB1 genes
was reduced by 32% and 11%, respectively, in the MCF-7 siDHRS2
group compared to the control.

The response of the MCF-7 vecDHRS2 group was greater than that
of the NTC group (43%, 36%, respectively). Similarly, BARD1 and
STUBT were significantly lower in the MCF-10A siRNA group than in
the control group (45% and 34%, respectively), whereas the MCF-10A

MCF10A Fibrocystic Normal Cell Line
)

DHRS2

MDM2

- Y |
h G |
X /“/ BRCA2
X —

STUBY

N——

vector group exhibited a weaker response than the NTC group (25%
and 19%, respectively). DHRS2, which is highly expressed in MCF-7
cells after transfection of the DHRS2 vector and siRNA, negatively
influenced the expression of BARD1, whereas a positive interaction
was observed in the expression of the STUBT gene and BARD1 in the
gene according to network analysis. On the contrary, while the DHRS2
gene positively affected BARD1 expression in the MCF-10A human
breast epithelium cell line used as a control, a negative interaction
was observed between STUBT and BARD1.

Expression Analysis Across All Four Cell Lines and
Candidate Genes

The heatmap in Figure 7 presents a clustering of the normalized Ct
values for each cell line and gene. 24 calculation was conducted
to normalize the control group to 1. As shown in the table, the
relative expression of BRCAT in the MCF-7 cell line increased fourfold
in the presence of overexpression of DHRS2. In contrast, when DHRS2
expression was suppressed, BRCAT expression decreased by 0.83
times. BRCAT expression remained at basal levels in the MCF-10A cell
line. The fold change in the expression of STUBT and BARD1 genes
in the MCF-7 vecDHRS2 cell line was 0.56. In the absence of DHRS2
expression in the cell, the relative expression of STUBT increased 1.5
times in the MCF-10A group, whereas that of BARD1 was 0.92 fold
higher than that of the control but remained unchanged. Notably,
the increased expression of DHRS2 in the T47D cell line corresponded
to an increase in the expression of the tumor suppressor FBXIW7,
consistent with the known role of FBXW7 as a tumor suppressor in
luminal breast cancer subtypes. A negative correlative relationship
was also observed between MDM2 and DHRS2 expression levels
in the MDA-MB-231 cell line, further supporting the established

MCF-7 Luminal Breast Cancer Cell Line

358
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0.10

MOM2C
I

Figure 6. Interaction network of STUB1 and BARD1 genes with DHRS2
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inhibitory role of DHRS2 on MDMZ2 activity. The impact of the
abundance of DHRS2 in the cell on overall expression was evident
between the two groups in the MDA-MB-231 cell line.
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Figure 7. Heatmap analysis of the vector and siRNA groups

Chord Graph Analysis of DHRS2 Interactions with
Candidate Genes

Figure 8 shows that an increase in the DHRS2 gene in the MCF-7
vector group corresponded to a decrease in the relative expression
level of the STUBT and BARD1 genes in the MCF-7 cell line, both
genes being expressed equally. In contrast, when the expression of
the DHRS2 gene in the cell was suppressed, the relative expression
levels of the STUBT and BARD1 genes in the MCF-7 cell line increased,
with both genes being expressed at similar levels. In the control cell
line, MCF-10A, the vector and siRNA group, STUBT and BARD1 were
expressed inversely.

MCF7 siRNA

MCF7 VECTOR

MCF10A siRNA

oMRS2 7

*

Figure 8. Radial network diagram of the associations of STUBT and BARD1 genes
with DHRS2.

DISCUSSION

The biological and clinical behavior of breast cancer varies between
patients, which presents challenges in disease progression and
monitoring patient outcomes. Therefore, biomarkers can help
determine the appropriate treatment approach for each patient (3).
For years, receptor-based biomarkers, such as estrogen receptor,
progesterone receptor, and HER2 status, have been at the forefront
of breast cancer treatment. However, targeting p53, which can
be mutant or wild-type in different breast cancers, is of clinical
significance (2).

The regulation of many cellular events is largely dependent on
p53 activity. In particular, the frequency of p53 mutations varies
significantly between the different subtypes of breast cancer.

In interpreting the findings of this study, it is important to distinguish
between two types of evidence presented. The network analyses in
result section are based on publicly available protein interaction
databases and represent database-derived predictions.

The expression data in result sections represent original
experimental findings obtained from @RT-PCR analyses in
transfected breast cancer cell lines. Where both lines of evidence are
consistent, this is noted as corroborating; where they diverge, this
reflects the recognized gap between computationally predicted and
experimentally observed regulatory relationships at the mRNA level.

Most p53 mutations are gain-of-function oncogenic mutations that
contribute to a worse prognosis. In wild-type p53-carrying cancers,
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abnormal signaling via the p53 pathway usually occurs due to other
unusual conditions, such as high expression of MDM2 (2).

DHRS2, a metabolic enzyme for hormone receptors, plays a vital role
in cancer progression and functions as an inhibitor of the MDM2
gene, an E3 ubiquitin ligase, thus restoring the function of p53 (19-20).
This study investigated intracellular changes in DHRS2 expression
in ER*, PR*, and HER2" (MCF-7 and T47D) and triple-negative (MDA-
MB-231) breast cancer cell lines, which contain mutant p53 and lack
all three receptors. Given that ubiquitin-mediated proteolysis is the
primary mechanism to control protein levels of cell cycle regulators,
common genetic and expression changes in E3 ligases contribute to
the formation of breast tumors (6).

According to our results, in MCF-7 cells in which DHRS2 expression
was suppressed, the relative expression of BRCAT decreased, whereas
overexpression of DHRS2 led to approximately a four-fold increase
in BRCA1 expression. Additionally, DHRS2 functions are reported as a
regulator of cell migration in the MCF-7 cell line (10). The observed
increase and decrease in BRCAT expression in the presence and
absence of DHRS2 suggests that DHRS2 has a potential regulatory
association with BRCA1. BRCAT, known as an E3 ligase, has been
identified as a tumor suppressor in many breast cancer studies (6).
The BARD1-BRCAT complex plays a crucial role in DNA damage by
inducing the ubiquitination and degradation of damaged proteins
(16).

BARDT1 also acts independently of BRCAT in the tumor suppressor
pathway by interacting with repeats of BCL3 ankyrin and modulating
the activity of the transcription factor NFkB (16). Reduced STUBT
expression has been observed in tumors of patients with breast
cancer. STUB1 degrades the c-Myc protein and may play an essential
role in breast cancer by ubiquitinating and degrading substrates
such as HER2 and CtBP2 (12, 14-15). In various cancers, including
breast cancer, STUBT expression is decreased compared to normal
tissues. Low STUBT expression is associated with decreased survival
(15). In the MCF-7 cell line vector group, the level of increase in
the intracellular DHRS2 gene led to a simultaneous decrease in the
relative expression levels of the STUBT and BARDT genes in the MCF-7
cell line. Together with chaperones, STUBT may play a significant role
in breast cancer by promoting the ubiquitination and degradation of
the HER2 and ERa proteins (21-22).

When intracellular expression of the DHRS2 gene is suppressed,
relative expression levels of STUBT and BARDT genes increase in
the MCF-7 cell line, and these two genes are expressed at similar
levels. However, in the MCF-10A fibrocystic cell line, STUBT and BARD1
expression increased in the vector and siRNA groups, and BARD1
expression decreased with the upregulation of DHRS2. Although
no apparent relationship was found between STUBT and BARDT in
silico, our targeted study suggested a possible mechanism in which
these two genes interact inversely in non-cancerous cell lines but
work together to suppress tumor progression in cancerous cell

lines. These findings indicate that the relationship between DHRS2
and the STUB1-BARD?1 axis is context-dependent, differing between
tumorigenic MCF-7 and non-tumorigenic MCF-10A cell lines, and may
reflect differences in p53 status and receptor expression profiles
between these cell lines.

The contrasting expression of STUBT in ER-positive HER2-negative
MCF-7 cells and non-tumorigenic MCF-10A cells in the presence and
absence of DHRS2 suggests a potential link between DHRS2 and
STUBT. When the levels of the DHRS2 gene are modulated, the
effect on STUBT and BARD1 appears more pronounced, which may
arise from the basal level of DHRS2 expression in these cells. It is
predicted that if its expression is temporarily eliminated using SiRNA,
responses similar to those in the control group can be obtained, as
indicated by our results.

Furthermore, considering the possibility of disruption of DNA
repair and ubiquitin mechanisms in cancer cells after intra-
group comparisons, changes in expression patterns (one opposite,
one similar) were observed in the MCF-10A cell line. Although
the relationship between MDM2 and STUBT in cellular aging
mechanisms has been demonstrated in the literature (23), our
mRNA-level results suggest a potential association between DHRS2
and STUBT expression. We acknowledge that the current findings
are based on mRNA expression, and some changes did not reach
conventional statistical significance, likely due to biological variance
in certain experimental groups. These results represent a preliminary
exploration of the DHRS2-E3 ligase axis. Future mechanistic studies
involving protein-level validations, such as Western blot and Co-
Immunoprecipitation (Co-IP), are required to definitively map the
physical interaction sites. Understanding their potential, revealing
their relationships with DHRS2, a proposed prognostic biomarker for
breast cancer, and identifying individual E3 ligases as drug targets
may be a promising strategy for breast cancer diagnosis.

CONCLUSION

We investigated the expression of genes that could play roles as
inhibitors and activators in the mechanism of action of DHRS2
in both tumorigenic MCF-7 and non-tumorigenic MCF-10A breast
cell lines. By inhibiting MDM2, a key E3 ubiquitin ligase, DHRS2
contributes to the reactivation of p53 and the restraint of tumor
development. This study presents the first evidence that DHRS2
establishes interactions with MDM2, BARD1, STUB1, and BRCA1 within
breast cancer cells.

In this study, we explored the expression levels of ubiquitin ligase
genes and other associated genes that could serve as prognostic
biomarkers in human breast cancer cell lines with increased and
decreased expression of DHRS2. The relationship between MDM2, a
ubiquitin E3 ligase gene, and DHRS2 is known in many cancers. In
our study, in addition to this information, we have shown that the
expression levels of the BRCAT, BARD1, and STUBT ubiquitin ligase
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genes also change depending on the expression of DHRS2 at the
intracellular level.

Our results point to the potential role of DHRS2 as a prognostic
biomarker in luminal (ER*, PR*, and HER2") breast cancer subtypes,
given its correlation with BRCA1, STUB1, and BARD1.
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The Effect of Verbascoside on DNA Damage and Oxidative Stress in 3T3-L1 A
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Abstract Objective: Obesity involves excessive lipid accumulation in adipose tissue, triggering oxidative stress and DNA damage.
This study evaluated the effects of verbascoside doses (50 pM: V50 and 100 uM: V100) on DNA damage and oxidative stress
in mature adipocytes.

Materials and Methods: 3T3-11 cells were differentiated into mature adipocytes and treated with V50 or V100. Oil Red O
staining quantified the lipid accumulation. DNA damage was evaluated using the Comet assay. We assessed oxidative
stress by calculating the oxidative stress index (OSI) based on total oxidant status (TOS) and total antioxidant status (TAS)
measurements.

Results: V100 reduced lipid accumulation compared with the control group. Furthermore, while V50 increased DNA damage
(tail intensity and moment), V100 significantly lowered it compared to V50. Additionally, V100 improved oxidative stress
markers (increased TAS, decreased TOS, and 0SI), whereas V50 had no significant effect on these parameters.

Conclusion: Verbascoside showed dose-dependent effects on mature adipocytes. While V50 increased DNA damage inde-
pendently of oxidative stress, V100 improved oxidative status and reduced DNA damage. These findings demonstrate that
at appropriate doses, verbascoside is a candidate for preventing metabolic disorders, though further molecular studies
are needed.

Keywords Adipocyte - DNA Damage - Obesity - Oxidative Stress - Verbascoside - 313-L1 Cells
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INTRODUCTION

Obesity is a widespread health problem worldwide and is associated
with structural and functional changes in adipose tissue that affect
metabolic diseases (1). As the number and size of fat cells increase,
dysfunctional adipocytes develop, and numerous inflammatory
processes are triggered (2, 3). This excessive fat accumulation
disrupts the hormonal functions of adipose tissue while creating
an imbalance between reactive oxygen species (ROS) production
and the body’s antioxidant defense mechanisms, thereby increasing
oxidative stress (4, 5). This oxidative environment within the
adipocyte causes significant cellular damage and plays a key role in
the pathogenesis of metabolic disorders (6). In particular, excessive
lipid accumulation can trigger mitochondrial stress, leading to
excessive ROS production and, consequently, the accumulation of
DNA damage. This interrelated state of lipid overload and oxidative
stress highlights adipocyte dysfunction and elevates the potential
for genotoxic risk due to the increased markers of DNA damage and
reduced repair capacity observed in obese individuals (7).

To mitigate these obesity-related metabolic disorders, polyphenols
have emerged as promising hiological molecules due to their
potent metabolic regulatory properties (8, 9). Within this group,
verbascoside (acteoside)—a polyphenol belonging to the phenolic
acid subclass—is of particular interest because of its multifaceted
biological activity (10). The primary reason for selecting verbascoside
in this study is the multi-targeted biological activity exhibited by
this natural polyphenol against obesity and associated metabolic
disorders. These activities include anti-adipogenic effects and
a protective role against oxidative stress and DNA damage.
Verbascoside has been shown to inhibit the adipogenesis process
by suppressing key transcription factors (peroxisome proliferator-
activated receptors [PPAR] y and CCAAT/enhancer-binding protein
[C/EBP] @) in the 3T3-L1 cell model (7). While this makes it a strong
candidate for reducing lipid accumulation, verbascoside’s ability to
scavenge free radicals and enhance antioxidant enzyme capacity
(total antioxidant status [TAS]/total oxidant status [TOS] balance)
has also been documented in the literature (11). Additionally, it has
been reported that verbascoside possesses genoprotective effects
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by reducing DNA breaks associated with oxidative stress (12). Despite
these known individual effects of verbascoside, its dose-dependent
effect on DNA integrity in lipid-rich mature adipocytes has not yet
been fully elucidated. In this context, the aim of our study was to
evaluate the effect of different verbascoside doses on DNA damage
in mature 3T3-11 fat cells and to investigate the relationship between
these effects and cellular oxidative stress markers.

MATERIALS AND METHODS
Differentiation of the 3T3-L1 Adipocyte

This study used the 3T3-11 cell line (ATCC® CL173™ USA), a fibroblast
cell line derived from a mouse (Mus musculus) embryo, recognized
as a preadipocyte. Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, Waltham, USA) with 25 mM glucose,
supplemented with 10% heat-inactivated calf serum (Cegrogen,
Germany) and antibiotics (penicillin and streptomycin; Wisent, Saint-
Jean-Baptiste, Canada) at 37°C in a humidified atmosphere of 5% CO,
to establish the experimental group. Upon reaching approximately
80% confluence in the culture dishes, 1x10° cells were subsequently
seeded in a 6-well plate following cell counting. The culture
medium was subsequently replaced with a differentiation medium
containing 3-isobutyl-1-methylxanthine (IBMX, Sigma 15879, USA),
dexamethasone (DEX, Sigma D4902, USA), insulin (INS, Sigma 16634,
USA), and fetal bovine serum (FBS) (Biowest, South America) to
induce the differentiation of preadipocytes into adipocytes. The cells
were incubated in this medium (MD1) for 48 h. After the incubation
period, the medium containing high glucose, FBS (Biowest, South
America), and INS (MD2) was renewed every 2 days, and the cells
matured within 8 days. Experiments were conducted on adipocytes
that matured on the 10th day after completing differentiation (13).
Figure 1 illustrates the details of the experimental timeline.

Lipid Accumulation Evaluation

The lipid staining kit was used for microscopic analysis to confirm
the transformation of preadipocytes into mature cells (BioVision Oil
Red 0O, Catalogue No. K580-24; BioVision, Milpitas, CA, USA). Mature
adipocytes were fixed in 10% formalin in phosphate-buffered saline
(PBS, Wisent, Saint-Jean-Baptiste, Canada) for 1 h. Formalin was

MD2
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Seeding || Confluent |{ Differentiation || Transformation to Experiment
mature adipocyte r
2 days 8 days

Figure 1. Demonstration of the experimental design. Verbascoside was applied at 50 uM and 100 uM doses. MD1: medium 1, MD2: medium 2.
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removed and cells were carefully washed twice with distilled water;
afterthat, add 60% isopropanol (BioVision, K580-24, USA) to each well
and incubate for 5 minutes. The isopropanol was eliminated, and the
Oil Red O working solution was applied for 30 minutes. Subsequently,
the Qil Red O working solution was discarded and washed 2-5
times with distilled water. The optical intensity of the Oil Red O
solution was measured at 490 nm using a Thermo Fisher Scientific™
Multiskan™ GO microplate spectrophotometer (Waltham, MA, USA)
after being eluted with 100% isopropanol. A microscope (Olympus
CKX41, Tokyo, Japan) was used to observe the lipid accumulation at
40X magnification (14).

Administration of Verbascoside

Verbascoside (V4015 299% (HPLC grade), CAS 61276-17-3, C,9H3¢045,
Sigma, USA) was dissolved in dimethyl sulfoxide (DMSO) (CAS
No: 67-68-5, ChemCruz, USA) to prepare a stock solution, from
which intermediate working solutions were prepared. We obtained
final concentrations of 50 uM and 100 uM by dilution in the
culture medium (15, 16). Mature 3T3-L1 adipocytes were exposed to
verbascoside for 24 h at 37 °Cin a humidified atmosphere containing
5% CO,.

Oxidative Stress Parameters

Following the 24 h treatment of 3T3-U1 mature adipocytes with
50 UM and 100 uM verbascoside, the TAS and TOS were
determined in the collected culture media. TAS and TOS levels
were measured using a Thermo Fisher Scientific™ Multiskan™
GO microplate spectrophotometer (Waltham, MA, USA) at 660 nm
and 560 nm, respectively, following the manufacturer's specific
instructions regarding reagent incubation and colorimetric reaction.
TAS levels were measured based on the antioxidants ability to
inhibit the formation of the dianisyl radical, produced through the
Fenton reaction-mediated oxidation of o-dianisidine; results were
expressed as mmol Trolox Equiv/L (11). TOS levels were quantified
colorimetrically by monitoring the oxidation of the ferrous ion-o-
dianisidine complex to ferric ions, which subsequently formed a
colored complex with xylenol orange in an acidic medium. TOS
values were reported as pmol hydrogen peroxide (H,0,) Equiv/L
(12). Calibration procedures for TAS and TOS were performed using
commercially available kits containing Trolox and H,0, standards,
respectively. Results for TAS measurements were reported in “mmol
Trolox Equiv/L". For TOS measurements, H,0, standards provided
ready-to-use by the kit were used, and results were reported as
“umol H,0, Equiv/L" To determine the overall oxidative state, the
Oxidative Stress Index (OSI) was calculated using the following
formula: OSI (arbitrary unit) = TOS (umol/L) / TAS (mmol/L) x 100.

Comet Assay

To evaluate DNA integrity, mature adipocytes were rinsed with cold
PBS and harvested by centrifugation. The resulting cell pellet was
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embedded in 0.5% low-melting-point agarose and layered onto
slides pre-treated with 1% normal-melting-point agarose, followed
by a final overlay of low-melting-point agarose. For proteolysis, slides
were incubated overnight in a chilled lysis buffer (pH 10) at +4°C.
DNA unwinding was performed in an alkaline electrophoresis buffer
for 30 min, followed by electrophoresis at +4°C (21 V and 300 mA)
for an additional 30 min. Post-electrophoresis, the slides underwent
neutralization, were rinsed with distilled water, and stained using
ethidium bromide (CAS No: 1239-45-8, Sigma, USA). Comets were
visualized via fluorescence microscopy (Olympus CKX&41, Tokyo,
Japan, equipped with a fluorescence attachment) and quantified
using Comet Assay IV (AutoComet) software (Perceptive Instruments,
United Kingdom). DNA damage levels were characterized using head
length (um), tail length (um), head intensity (AU), tail intensity (AU),
and tail moment (AU) (17).

Statistical Analyses

All experimental measurements were performed in triplicate (n=3).
Statistical analyses were performed using SPSS 25.0 software (IBM
Corporation, Armonk, NY, USA). Continuous variables are presented
as mean + standard deviation (Mean + SD). Group differences among
Control (C), V50, and V100 were evaluated using the Kruskal-Wallis
test (KW). A p value <0.05 was considered statistically significant.

RESULTS

The V100 group significantly reduced lipid accumulation in mature
3T3-11 cells compared to the control group (C: 044 + 0.028 OD;
V100: 0.277 + 0.012 OD; p=0.0001). The V50 group showed a tendency
to reduce lipid accumulation compared to the control, but this
difference was not statistically significant (Figure 2).

Mature cell

0.45- % = V50
4 V100

0.35 _E

OD value

*

—+

0.25 T

Groups

Figure 2. Lipid accumulation results of verbascoside in mature adipocytes. Mean +
SD were used to express the results. Group differences were evaluated using the
Kruskal-Wallis test. p<0.05 was considered statistically significant. *: Significantly
different from the control group. C: control group; V50: group treated with 50 pM
verbascoside; V100: group treated with 100 pM verbascoside.
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The V50 group significantly increased DNA damage compared to
the control. Figure 3A represents the images of the comet assay
parameters. When parameters supporting this general finding were
examined, the V50 group significantly reduced head intensity
compared to the control (C: 60.249 + 12.562 AU; V50: 36.416 + 0.505
AU; p=0.0001). The V50 group significantly increased tail intensity and
moment compared to the control (C: 39.744 + 12.562 AU; 6.722 + 2.841
AU; V50: 6391 + 2.555 AU; 14222 + 1.005 AU; p=0.0001, respectively).
The V100 group significantly reduced DNA damage compared to the
V50 group. When examining the parameters supporting this general
finding, head length and intensity were significantly increased in the
V100 group compared to the V50 group (V50: 26.546 + 1.749 um; 36.416
+ 0.505 AU; V100: 31.545 + 0.809 um; 67.383 + 0.779 AU; p=0.002 and
p=0.0001, respectively). Tail length, tail intensity, and tail moment
were significantly reduced in the V100 group compared to the V50
group (V50: 48294 + 0.964 pm; 63.91 + 2.555 AU; 14.222 + 1.005 AU;
V100: 34.691 + 0.978 um; 32.61 + 0.797 AU; 4.512 + 1178 AU; p=0.006,
p=0.0001, and p=0.0001, respectively). No significant difference was
observed between the V100 group and the control group in terms of
all DNA damage parameters investigated (p>0.05). When examining
the parameters in detail, head length and intensity showed a slight
non-significant increasing trend in the V100 group compared to the
control (C: 29.078 + 3.387 pm; 60.249 + 12.562 AU; V100: 31545 +
0.809 pm; 67.383 + 0.779 AU, respectively). Conversely, tail length, tail
intensity, and tail moment values in the V100 group were found to be
statistically similar to the control levels (C: 41.972 + 9.091 um; 39.744 +
12.562 AU; 6.722 + 2.841 AU; V100: 34.691 + 0.978 um; 32.610 + 0.797 AU;
4.512 1178 AU, respectively) (Figure 3A-B).
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Figure 3. Comet assay images and the determined comet parameters for 373-
11 cells. (A) Representative comet assay images for the C, V50, and V100 groups.
(B) Determined comet parameters. Mean + SD were used to express the results.
Group differences were evaluated using the Kruskal-Wallis test. p<0.05 was
considered statistically significant. *: Significantly different from the control group.
#: Significantly different from the V50 group. C: control group; V50: group treated with
50 uM verbascoside; V100: group treated with 100 uM verbascoside; AU: arbitrary
unit.

Verbascoside and DNA Damage in Adipocytes | TUNC-ATA et al,, 2026

In the V50 group treated with mature 3T3-11 cells, no significant
changes were observed in TAS, TOS, and OSI levels compared to
the control. However, in the V100 group, oxidative stress decreased
compared to the control. When the parameters supporting this
general finding were examined, TAS increased in the V100 group
compared to the control (C: 411471 + 16.35 mmol Trolox Equiv/L; V100:
861.296 + 14.587 mmol Trolox Equiv/L; p=0.0001) (Figure 4A). When TOS
and OSl values were examined, TOS and OSl values in the V100 group
were decreased compared to the control group (C: 72.791 + 0.716 umol
H,0, Equiv/L; 15172 + 1.847 AU; V100: 47.044 + 0.267 pmol H,0, Equiv/
L; 10.284 + 1.366 AU; p=0.0001, respectively) (Figure 4B, Figure 4C).
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Figure 4. Effects of verbascoside on the oxidative stress status of mature 3T3-11
adipocytes. (A) TAS, (B) TOS, and (C) OSI levels. Mean + SD were used to express the
results. Group differences were evaluated using the Kruskal-Wallis test. p<0.05 was
considered statistically significant. *: Significantly different from the control group.
C: control group; V50: group treated with 50 UM verbascoside; V100: group treated
with 100 uM verbascoside.

DISCUSSION

Lipid accumulation in adipose tissue, oxidative stress, and DNA
damage are interrelated processes, and investigating the effects of
verbascoside on these mechanisms is important for understanding
the dose-dependent biological responses of polyphenols.

In our study, although a 50 uM dose of verbascoside did not cause
a significant change in oxidative stress parameters, DNA damage
comet parameters increased markedly. This reveals that low doses
of verbascoside may induce genotoxicity at the cellular level through
mechanisms independent of oxidative stress. Possible reasons
include the disruption of intracellular redox balance at the local level
by metabolites of phenolic compounds or the creation of inhibitory
effects on DNA repair mechanisms (18, 19).
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In the literature, verbascoside (0.05 mM and 01 mM) increases
chromosomal damage in human lymphocytes. This effect has been
reported to be related to pathways involving poly ADP-ribose
polymerase-1 (PARP-1) and p53, which are involved in DNA repair.
Furthermore, it has been noted that verbascoside can be broken
down into caffeic acid, and this metabolite may negatively affect DNA
repair by disrupting the intracellular redox balance (19). Therefore,
the DNA damage observed at a dose of 50 uM may be due to
either the direct genotoxic effect of the polyphenol or the adverse
mechanisms caused by the resulting metabolites. Additionally, a
study using Barleria (043 mg/g) and verbascoside (1.02 mg/g)
observed DNA damage in different cell types, particularly in PC3
cancer cells, using the Comet assay (20). These findings support the
effect demonstrated by 50 pM verbascoside in our study. Beyond its
dose-dependent variations, verbascoside is widely recognized as a
potent polyphenolic antioxidant due to its ability to scavenge free
radicals and enhance cellular antioxidant enzyme activities. This
robust antioxidant capacity plays a crucial role in mitigating oxidative
stress-induced damage in various metabolic disorders (21).

Furthermore, the fact that changes observed in DNA damage
parameters appear before oxidative biomarkers demonstrates that
they may be independent of these effects. This is because the comet
assay has the capacity to reveal early and local DNA damage in
cells before systemic biomarkers (22). Oxidative stress markers (TAS,
TOS, and 0SI), on the other hand, indicate more general, systemic
responses.

In contrast, the V100 dose reduced oxidative stress and DNA
damage compared to the V50 dose. This highlights that verbascoside
has not been able to stimulate sufficient antioxidant defense
systems at low doses. The 50 uM dose may have posed a threat
to the cells; however, as this threat was not sufficiently strong,
antioxidant defense mechanisms (e.g., activation of nuclear factor
erythroid 2-related factor 2 [Nrf2]) may not have been stimulated
to an adequate level. The ‘hormetic response’ has been frequently
described in the literature for polyphenols, whereby low doses
stress the cell but do not fully trigger defense responses, whereas
higher doses exert a protective effect through the activation of
Nrf2/antioxidant response element-mediated antioxidant enzymes.
This U-shaped dose-response curve has been demonstrated for
numerous phenolic compounds in the literature (23, 24). Therefore,
the DNA damage observed at a 50 uM dose may be related to
the insufficient stimulation of cellular defense mechanisms. The
Nrf2/ARE/HO-1 pathway plays a critical role in maintaining cellular
redox homeostasis. Under basal conditions, Nrf2 is sequestered in
the cytoplasm by the Keap1 protein and targeted for proteasomal
degradation. Upon exposure to antioxidant compounds, critical
cysteine residues on Keapl undergo modification, allowing Nrf2 to
escape degradation and translocate from the cytoplasm into the
nucleus. In the nucleus, it binds to the ARE sequences located
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in the promoter regions of target genes. This binding triggers
the expression of Phase Il antioxidant enzymes, primarily heme
oxygenase-1 (HO-1), superoxide dismutase (SOD), and glutathione
peroxidase (GPx) (25). In our study, the administered V50 dose
may have been insufficient to activate the Nrf2/ARE/HO-1 signaling
pathway.

In our study, the inhibitory effect of the V100 dose on lipid
accumulation and its role in enhancing antioxidant capacity are
consistent with those reported in the literature across both cellular
and animal models. Herranz-Lopez et al. reported that verbascoside
significantly reduced triglyceride accumulation and ROS generation
in hypertrophic adipocytes, a process associated with 5' adenosine
monophosphate-activated protein kinase (AMPK) activation and
PPAR-a upregulation (26). The systemic manifestation of these
cellular defense mechanisms was further validated by Hao et al. in a
diabetic mouse model; the researchers demonstrated that acteoside
(verbascoside) effectively prevented hepatic steatosis and oxidative
stress by activating the Nrf2/HO-1 signaling pathway (27).

In summary, a 50 UM dose of verbascoside can cause genotoxic
effects by disrupting intracellular redox balance or suppressing
DNA repair mechanisms, whereas at a 100 pM dose, this damage
is suppressed by the stimulation of antioxidant defenses and the
activation of repair mechanisms. This indicates that verbascoside
exhibits a hormetic effect and may elicit dose-dependent biological
responses. These results indicate that verbascoside, at an
appropriate dose, may be a potential candidate for the prevention
of metabolic diseases and support the existence of dose-dependent
biological responses to polyphenols.

CONCLUSION

In the present study, the V100 dose exhibited a favorable
metabolic effect by suppressing lipid accumulation in mature
adipocytes. Furthermore, this concentration augmented TAS while
simultaneously reducing TOS and OSI. This outcome fortified the
cellular antioxidant capacity and subsequently mitigated DNA
damage. Conversely, the observation that the V50 dose intensified
DNA damage demonstrates that relatively lower concentrations
may trigger divergent metabolic pathways. By unveiling the
“Janus-faced” (bi-modal) impact of verbascoside on adipocyte
metabolism, this research underscores the critical necessity of
precise dose calibration for treating obesity and its associated
cellular pathologies. These findings illustrate that a single molecule
can function as either a protective shield or a source of cellular
stress depending on the dosage, thereby providing a foundational
premise for future investigations. A primary limitation of this study
is the lack of direct molecular quantification for Nrf2/ARE signaling
pathways, leaving the proposed 'hormetic response' mechanism as
a hypothetical framework to be validated in future research. Another
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limitation of this study is the absence of cytotoxicity assays for the
determined doses.
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Abstract Objective: GON-4-like (GON4L) is a nuclear protein described as a putative transcriptional regulator with transcriptional
repressive activity. Its oncogenic potential has been reported in bladder cancer through interactions with the transcription
factor Yin Yang 1(YY1), the corepressor SIN3 Transcription Regulator Family Member A (SIN3A), and Histone Deacetylase 1
(HDAC1). However, the functional role of GON4L in breast cancer remains largely unexplored. This study aimed to investigate
the contribution of GON4L to breast cancer cell proliferation under both two-dimensional (2D) monolayer and three-
dimensional (3D) culture conditions.

Materials and Methods: In this study, GON4L expression in breast cancer was analyzed using publicly available datasets
(UALCAN, TNMplot) and quantitative reverse transcription polymerase chain reaction (RT-gPCR) in cell lines. GON4L was
knocked-down in the MCF7 breast cancer cell line using the CRISPR-Cas9 gene editing system. The impact of GON4L loss
on cellular proliferation was assessed through green fluorescent protein (GFP)-based competition and colony formation
assays under 2D conditions, as well as spheroid formation assays in 3D culture systems. Statistical analyses were performed
using Student's t-test.

Results: GON4L expression was significantly elevated in breast cancer patient samples, including metastatic tissues.
Compared with the non-tumorigenic breast epithelial cell line MCF-12A, GON4L expression was increased in MCF7 cells
cultured under both 2D and 3D conditions. Genetic loss of GON4L resulted in a marked reduction in short- and long-term
proliferative capacity in 2D culture systems and significantly impaired spheroid formation and growth in 3D cultures. These
findings indicate that GON4L is required for sustained proliferation and maintenance of tumor-like architecture in breast
cancer cells.

Conclusion: Our results identify GON4L as a functionally important transcriptional regulator supporting proliferative
capacity and structural organization in breast cancer cells, particularly under tumor-mimicking 3D conditions. Further
investigation of GON4L-dependent regulatory mechanisms may provide insight into its potential relevance in breast cancer
progression.

Keywords Breast Cancer - GON4L - CRISPR-Cas9 - Three-dimensional Cell Culture - Spheroid Model
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INTRODUCTION

Breast cancer remains the most frequently diagnosed malignancy
among women worldwide, and represents a hiologically
heterogeneous disease at both the molecular and histopathological
levels (1, 2). This heterogeneity underlies significant variability
in tumor behavior, therapeutic response, and clinical outcome,
highlighting the need for a deeper understanding of the
transcriptional regulatory mechanisms that govern cancer initiation
and progression (3). In this context, identifying genes that coordinate
oncogenic signaling pathways may provide critical insights into the
molecular dysregulation driving breast cancer development.

GON-4-like (GONA4L) is a nuclear protein that has been described as a
putative transcriptional regulator, initially characterized by its roles
in controlling proliferation and differentiation during embryonic
development in several animal models (4, 5). At the molecular level,
GON&4L primarily functions as a transcriptional corepressor through
its interaction with the DNA-binding protein Yin Yang 1 (YY1), the co-
repressor SIN3 transcription regulator family member A (SIN3A), and
histone deacetylase 1 (HDACT). Through these interactions, GON4L is
thought to contribute to chromatin remodeling and transcriptional
repression in a context-dependent manner (6, 7).

Despite its established role in developmental processes, the
involvement of GON4L in cancer biology remains largely unexplored.
To date, mechanistic insight into its oncogenic function has been
reported primarily in bladder cancer, where GON4L promotes tumor
aggressiveness by facilitating the recruitment of YY1 and the
androgen receptor (AR) to the CD24 promoter, leading to enhanced
CD24 expression (8). Importantly, evidence also suggests that GON4L
may exert oncogenic effects independent of CD24 and AR signaling,
pointing to a broader and more complex role in tumor progression

(8).

In vitro functional studies in cancer biology are most commonly
conducted using two-dimensional (2D) monolayer cultures. However,
such models fail to capture key aspects of solid tumor
biology, including tissue architecture, cell-cell interactions, and
microenvironment-dependent signaling (9, 10). Three-dimensional
(3D) culture systems provide a physiologically relevant context by
better reflecting native tumor organization (11).

In this study, we aimed to investigate the oncogenic potential of
GONA4L in breast cancer by integrating both 2D monolayer and 3D
spheroid culture models. We focused on luminal breast cancer and
examined the functional role of GON4L in the estrogen receptor-
positive MCF7 cell line. Using a CRISPR-Cas9-based gene editing
approach, we targeted GON4L and assessed its contribution to
cellular proliferation under both 2D and 3D growth conditions.

Taken together, existing evidence and our experimental framework
support the hypothesis that GON4L may function as an important
regulator of cellular fitness in breast cancer. Its capacity to integrate
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transcriptional repression with epigenetic regulation through YY1/
HDAC1-associated complexes underscores its potential relevance in
breast cancer progression and warrants further investigation.

MATERIALS AND METHODS
Cell Culture

Human luminal breast cancer cell line MCF7 (ATCC® HTB-22™, USA)
and HEK293T (ATCC® CRL-3216™, USA) cell lines were obtained from
American Type Culture Collection (ATCC®, USA) and maintained at
37°Cin a humidified incubator with 5% CO,. MCF7 cells and HEK293T
cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)-
high glucose (Sigma, USA) supplemented with heat-inactivated
10% fetal bovine serum (FBS) (Biowest, France) and 1% penicillin/
streptomycin (Biowest, France).

sgRNA Cloning and Lentivirus Production for GON4L
Targeting

For functional experiments of GON4L, single guide RNA (sgRNA)
sequences targeting distinct exonic regions were selected, along
with a non-targeting control sgRNA with no predicted on-
target sites in the human genome (Table 1). Corresponding
oligonucleotides were synthesized (Macrogen, South Korea) and
cloned following the protocol recommended by the Zhang laboratory
(12). Phosphorylation and annealing of complementary sgRNA
oligos for GON4L and control group with non-targeting oligos
(CNT) were performed following the recommended protocol for T4
polynucleotide kinase (New England Biolabs, USA). 1uL of each
complementary oligos (100 uM), 0.5uL T4 PNK, and 1uL of 10X T4
Ligase Buffer (containing 1 mM ATP) was added and incubated at 37°C
for 30 minutes, followed by heat inactivation at 95°C for 5 minutes
and slow cooling to 25°C at a ramp rate of 5°C/min. Annealed
sgRNAs were diluted 1:200 in nuclease-free water. For ligation, the
pLentiCRISPR-v2 plasmid (Addgene #52961, a gift from Feng Zhang)
was first digested with BsmBI-v2 (New England Biolabs, USA) using
5ugplasmid DNA and 5 pL enzyme, followed by incubation at 55 °C for
3 hours and heat inactivation at 80°C for 20 minutes. The digested
plasmid (12 kb fragment) was purified from agarose gel using the
Macherey-Nagel NucleoSpin Gel and PCR Clean-up Kit (Macherey
Nagel, Germany). 50ng of digested pLCV2 was used for ligation
reactions established using T4 DNA Ligase (New England Biolabs,
USA) for 1 hour incubation at room temperature (12, 13).

Ligated products were transformed into Escherichia coli Sthl3
competent bacteria and plated on ampicillin-containing agar plates.
Plasmids were isolated using a mini-prep kit (Macherey Nagel,
Germany) and verified via Sanger sequencing. Verified sgRNA
constructs were used for lentiviral production and subsequent
transduction of breast cancer cell lines in downstream experiments.
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Table 1. DNA oligonucleotide sequences for cloning of single-guide RNA (sgRNA)
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OLIGO NAME SEQUENCE COMPLEMENTARY EXON
SgNT-1 CACCGGTCGTGAAGTGCATTCGATC AAACGATCGAATGCACTTCACGACC

SgNT-2 CACCGGTAGCGAACGTGTCCGGCGT AAACACGCCGGACACGTTCGCTACC

SgNT-3 CACCGGACCGGAACGATCTCGCGTA AAACTACGCGAGATCGTTCCGGTCC

SERNAGON4L-1 CACCGTGAGAAATTGCCTGGTACCG AAACCGGTACCAGGCAATTTCTCAC Exon 30
SGRNAGON4L-2 CACCGCAAGGGCCACGACCACCTGC AAACGCAGGTGGTCGTGGCCCTTGC Exon 26
SGRNAGON4L-3 CACCGGGACTCAGGAAGGAAGCAGG AAACCCTGCTTCCTTCCTGAGTCCC Exon 30

Lentivirus Production and Infection

HEK293T cells (4x108 per 10 cm? dish) were transfected with pLCV2-
SgRNA constructs targeting GON4L, along with packaging plasmids:
10 pg target vector, 5ug pMDLg/pRRE (Addgene #12251), 2.5ug pRSV-
Rev (Addgene #12253), and 3.5 ug pCMV-VSV-G (Addgene #8454), using
63l PEI (Sigma, USA) in serum-free, antibiotic-free DMEM. The
transfection mix was incubated for 15 minutes at room temperature
before being added to the cells. After 16 hours, the medium was
replaced, and the viral supernatant was harvested at 36 hours post-
transfection, filtered through a 0.45 um polyether sulfone (PES) filter,
and stored at -80°C.

For infection, MCF7 cells (4x108 per 10 cm? dish) were seeded and
transduced with lentiviruses in the presence of 8 ug/mL polybrene
(Sigma, USA). Viral titer was optimized to achieve a multiplicity
of infection (MOI) <04 to ensure single-copy integration. Following
infection, cells were selected with 2 pg/mL puromycin as for 48 h. As
control groups, CNT-infected cells were also generated with the same
steps and used as controls in all subsequent experiments.

RNA Isolation and RT-qPCR

To verify the efficiency of GON4L gene targeting, total RNA was
extracted using TRIzol™ Reagent (Invitrogen™, USA) according to
the manufacturer's protocol. Briefly, 0.5-1 million cells were lysed
in TRIzol, followed by chloroform phase separation and RNA
precipitation using isopropanol. Pellets were washed in 80% ethanol,
air-dried, and re-suspended in 50-60 L nuclease-free water.

Complementary DNA (cDNA) was synthesized from 1pg total RNA
using the iScript™ cDNA Synthesis Kit (Bio-Rad, USA) under the
following conditions: 25°C for 5 min, 46°C for 20 min, and 95°C
for 1 min. The cDNA product was diluted 11 with nuclease-free
water and used for quantitative PCR with SYBR Green Master Mix
(Qiagen, Germany) on a LightCycler 480 Il (Roche, Switzerland). B-
Actin was used as the housekeeping gene, and relative GON4L
expression was calculated using the AACt method with CNT as the
reference/calibrator group. CNT cells were generated through the
same lentiviral transduction and puromycin selection procedure as
the GON4L-targeting groups and therefore serve as the appropriate
internal control for normalization. As these processing steps may
independently influence gene expression, unmodified MCF7 cells

were not used as a reference for fold change calculations. All primer
sequences are listed in Table 2.

Table 2. Primer Sequences for RT-qPCR

GENE NAME PRIMER TYPE SEQUENCE
ACTB Forward CATGTACGTTGCTATCCAGGC
Reverse CTCCTTAATGTCACGCACGAT
GON4L Forward CCACATCAGTGGAAGCCACCTA
Reverse CCTACCTCTCTAGCACCATCAG

Validation Experiments for GON4L Knockdown

To investigate the impact of GON4L targeting, MCF7 cells were
infected with lentiviruses encoding GON4L-targeting SgRNAS in
pLCV2. CNT was generated by infection with a non-targeting sgRNA
cloned into the same pLCV2 backbone. Lentiviral transduction was
performed at a MOI of 0.4. Following infection, cells were subjected
to puromycin selection as described above to enrich successfully
transduced populations.

GON4L knockdown efficiency was confirmed prior to functional
assays with quantitative transcription  polymerase
chain reaction (RT-qPCR), and validated cell populations were
subsequently used to evaluate both short- and long-term
proliferation capacity and 3D spheroid growth assays.

reverse

GFP-based Competitive Proliferation Assay

To assess the impact of GON4L loss on cell proliferation, a GFP-based
competition assay was performed in the MCF7 cell line. Stable GFP-
expressing polyclonal lines were first generated by transducing cells
with the pLenti-CMV-GFP-Puro vector (Addgene #17448). GFP-positive
cells were then mixed with cells transduced with GON4L-targeting
sgRNAs and simultaneously with non-targeting oligos as the CNT
group at a 1:3 ratio. Experiments were constructed as 120,000 cells
from the group of GON4L knockdown (KD) or CNT mixed with 60,000
cells cultured in a 12-well plate. Experiment was performed as three
biological replicates, each containing three technical replicates.
Each assay included a corresponding non-targeting SgRNA CNT. The
percentage of GFP* cells was measured at baseline (Day 0) and at
regular 72-hour intervals (Day 3, 6, 9, and 12) using a Beckman
using a Cytoflex flow cytometer (Beckman Coulter, USA). A total of
10,000 events were collected per sample, and a decline in the
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GFP* population over time indicated a proliferative disadvantage
associated with GON4L knockdown. In the CNT control group, GFP
signal was also measured to ensure the proliferation capacity
of CNT was protected, while temporal changes in GON4L-targeted
experimental groups indicated competitive growth.

Colony Formation Assay

To evaluate long-term clonogenic potential following GON4L
targeting, cells were seeded in 6-well plates at a density of 4,000
cells/wellin triplicate. Cells were cultured under standard conditions
for 14 days, with medium replenished every 3-4 days. Colonies were
then washed twice with DPBS, fixed in ice-cold 100% methanol for 20
minutes at +4°C, and stained with 0.5% crystal violet for 1 hour at
room temperature with gentle shaking.

Plates were washed with water, dried, and scanned for visual
documentation to determine the colony number and size. Then,
long-term proliferation capacity and clonogenic potential were
determined in GON4L-knockdown cells relative to the CNT control
group. To quantify colony-forming ability, images of the CNT group
and each experimental group were acquired, and the total colony
area was measured using ImageJ-Fiji (NIH, USA). The results were
normalized to the CNT and presented as relative colony formation.
All experiments were performed in three independent biological
replicates (n=3).

3D Spheroid Growth Assay

To assess the effect of GON4L knockdown on 3D spheroid growth,
GON4L-knockdown cells and CNT control cells were seeded onto
ultra-low attachment plates in equal numbers (750,000 cells per
plate) containing 10% methylcellulose medium. Spheroid formation
was monitored, and images were captured on Day 3 using a Nikon
Eclipse Ts2 light/fluorescence microscope. At least 50 spheroids per
condition for each biological replicate were imaged using a 20x/0.40
objective lens. Spheroid area was quantified using Image) software
(NIH, USA): the scale bar was calibrated using the “Set Scale”
function, and individual spheroids were outlined using the “Polygon
Selections” tool to calculate surface area. Differences in spheroid size
were used to infer the impact of GON4L loss on 3D tumor architecture.

Statistical Analyses

All experiments assessing the functional impact of GON4L
knockdown were conducted using at least three independent
biological replicates, unless otherwise specified. Data are presented
as mean + standard deviation (SD). Statistical analyses were
performed using GraphPad Prism version 10.0 for Windows
(GraphPad Software, Boston, MA, USA). Comparisons between GON4L-
targeting sgRNA groups and corresponding non-targeting controls
(CNT) were evaluated using unpaired two-tailed Student's t-test.
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Statistical significance was defined as follows: *p<0.05; **p<0.01;
**%p<0.001, ****p<0.0001.

RESULTS

GON4L Expression is Dysregulated in Breast Cancer

GON4L is located on chromosome 1g22 and encodes a nuclear
protein that has been described as a putative transcriptional
regulator (4). Its functional relevance has been previously explored in
bladder cancer, where interactions involving YY1 have been reported
(8). To further support the clinical relevance of GON&4L, publicly
available patient-derived datasets from the UALCAN portal were used
to interpret the data of breast cancer patients into the analysis.
UALCAN is a widely used cancer omics platform that provides
access to transcriptomic, proteomic, and survival data derived from
large-scale datasets, including TCGA and CPTAC (The extension
of UALCAN: https://ualcan.path.uab.edu/indexhtml) (14). These
patient-level datasets provide an important translational framework
for validating experimental observations and strengthening the
biological significance of candidate genes, such as GON4L.

GONA4L expression was significantly higher in tumor tissues than in
normal breast tissue (14) (Figure 1A). In luminal subtypes of breast
cancer, the expression of GON4L significantly increased compared to
normal tissues (14) (Figure 1B). Furthermore, GON4L expression was
elevated in metastatic breast cancer samples relative to primary
tumors (Figure 1C), supporting an association between increased
GON&4L expression and disease progression (15).

To assess GON4L expression dysregulation under different in
vitro growth conditions, gqPCR analysis was performed in both
2D monolayer and 3D spheroid cultures. In both settings, GON4L
expression was significantly elevated compared with the non-
tumorigenic breast epithelial cell line MCF-12A (Figure 2).

GON&4L Loss Reduces Proliferation in MCF7 Breast Cancer
Cells

To investigate the functional contribution of GON4L to breast cancer
cell proliferation, GON4L was targeted in MCF7 cells using the CRISPR-
Cas9 genome editing system. Knockdown efficiency was validated by
quantitative PCR (qPCR), which confirmed a significant reduction in
GON4L transcript levels compared with control cells (Figure 3A).

Cellular proliferation following GON4L loss was assessed using
both short- and long-term assays. Long-term proliferative potential
was further examined using a colony formation assay under 2D
monolayer culture conditions. Consistent with the competition assay
results, GON4L loss led to a significant reduction in colony-forming
ability compared with control cells (Figure 3B).

Short-term proliferative capacity was evaluated using a GFP-based
competition assay, in which GON4L-knockdown cells exhibited a
marked proliferative disadvantage relative to non-targeting control
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Figure 1: GON&L expression elevated in breast cancer patient samples (A) In primary breast tumors, GON4L expression was significantly elevated compared to adjacent normal

tissues (UALCAN) (14). (B) GON4L expression was significantly increased in luminal subtypes of breast cancer patients (UALCAN) (14). (C) In metastasis, GON4L exhibiting an

elevated expression might be a critical regulator of breast cancer progression (TNM-plot) (15).
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Figure 2: Endogenous gene expression of GONAL in MCF7 cells compared with
non-tumorigenic MCF12A cells in 2D monolayered culture and 3D spheroid culture.
RT-gPCR was performed to specify differential gene expression by analyzing
candidate gene expression normalized to B-Actin housekeeping gene. GON4L
expression in breast cancer cells was recorded as 6-fold in 2D and 20-fold in 3D
(t-test****p<0.00071).

cells (Figure 3C and Figure 3D). While control cells maintained stable
proliferation, GON4L-knockdown cells showed a pronounced decline
in relative abundance, falling below 20% over the course of the
assay. Together, these findings demonstrate that GON4L is required
for sustained proliferative capacity in MCF7 breast cancer cells under
2D culture conditions.

GONa4L Is Required for 3D Spheroid Growth of MCF7 Cells

To examine the role of GON4L in tumor-like growth conditions, the
proliferative capacity of GON4L-knockdown cells was assessed in
3D spheroid cultures. GON4L was targeted using the CRISPR-Cas9
system, and knockdown cells were subsequently cultured under 3D
spheroid-forming conditions (Figure 4).

Consistent with observations in 2D monolayer cultures, loss of GON4L
markedly impaired spheroid formation and growth in 3D culture.

GON4L knockdown MCF7 cells formed fewer and smaller spheroids
than non-targeting control cells (Figure 4A). Quantitative analysis
confirmed a significant reduction in spheroid-forming efficiency and
overall spheroid growth upon GON4L loss (Figure 4B and Figure 4C).

These findings demonstrate that GON4L is required for efficient
tumor-like growth of MCF7 cells under 3D culture conditions.

Collectively, these findings highlight an important role for
GON4L in supporting tumor-like growth under 3D culture
conditions. In addition to impairing cellular proliferation, loss
of GON4L disrupted spheroid integrity, indicating a requirement
for GON4L in maintaining both proliferative capacity and
structural organization in 3D environments. Given its reported
function as a transcriptional repressor and chromatin-associated
regulator, GON4L may contribute to the maintenance of oncogenic
transcriptional programs in breast cancer cells. Although further
studies are required to delineate the precise molecular pathways
regulated by GON4L, the present findings suggest that perturbation
of GON4L-dependent mechanisms may represent a potential strategy
for limiting tumor growth in breast cancer.

DISCUSSION

In this study, GON4L, a putative transcriptional regulator (4), was
identified as an important determinant of breast cancer cell
proliferation under both 2D monolayer and 3D spheroid culture
conditions. Our findings indicate that GON4L supports cellular fitness
and growth in breast cancer cells, consistent with its elevated
expression observed in breast cancer patient samples, which
underscores its potential clinical relevance.

Functional analyses demonstrated that loss of GON4L resulted in a
pronounced reduction in proliferative capacity in both short- and
long-term assays performed under 2D culture conditions. Notably,
this growth impairment was more pronounced in 3D spheroid
cultures, suggesting that GON4L may be particularly important

Experimed, 16 (2): 107-113



for sustaining tumor-like growth in complex microenvironments.

These observations are in line with previous studies showing
that transcriptional regulators can exhibit context-dependent
activity in 3D settings, where cell-cell and cell-matrix interactions
fundamentally reshape gene regulatory programs (16). In 3D
culture systems, altered chromatin organization and transcriptional
accessibility have been reported, potentially creating distinct
regulatory dependencies that are not obvious in conventional 2D
models (17).
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GONA4L interacts with transcriptional and epigenetic corepressor
complexes, including YY1, SIN3A, and HDACI, suggesting a role
in the repression of differentiation-associated or anti-proliferative
gene programs (7). Disruption of these regulatory interactions may
contribute to the impaired proliferative capacity and compromised
structural integrity observed in GON4L-deficient spheroids. Moreover,
the inability of GON4l-deficient breast cancer cells to maintain
cohesive 3D architecture highlights a potential role for GON4L in
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Figu re 3: GON&4L targeting significantly prevents the proliferation of MCF7 cells. (A) RT-qPCR to verify the knockdown status of MCF7. (B) Colony-forming ability and long-

term proliferation capacity significantly declined upon GON&4L targeting. (C) In a competition assay, GON4L loss in MCF7 short-term proliferation showed a significant decrease

in which relative cell growth was reported to decrease to 15% at the end point. (D) Representative flow cytometry histograms showed that the GFP signal detected in T = 0 was
highly close in the control (CNT) and GON4L knockdown groups, whereas the GFP signal in T = 20 was recorded with an elevated level in the GON4L targeted group (t-test: ***

p<0.001, ****p<0.0001).
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Figure 4: GON&4L KD has a significant impact on 3D spheroid growth capacity of MCF7 cells. (A) Spheroid growth assay performed in MCF7 cells showed that the GON4L gene
plays a crucial role in 3D spheroid formation. (B) RT-qPCR to verify the knockdown status of MCF7. (C) The area was attenuated upon GON4L blockage significantly, and a certain
negative impact was observed on spheroid formation. Scale bar was 70 ym (t-test: ****p<0.0001).
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coordinating transcriptional programs required for adaptation to
tumor-like spatial organization.

Despite the functional impact observed upon GON4L targeting,
several limitations of this study warrant acknowledgement. First,
GON4L undergoes alternative splicing and produces multiple
transcript isoforms; accordingly, the sgRNAs employed here may
not effectively target all protein-coding variants. As a result, the
observed reduction in GON4L mRNA levels most likely reflects partial
transcript depletion rather than complete gene ablation, which is
consistent with the significant yet incomplete decrease in transcript
levels confirmed in our experiments. Second, GON4L protein levels
were not directly assessed, which limits the ability to fully correlate
transcriptional reduction with functional protein depletion. Third,
emerging evidence highlights that transcript isoform diversity
can carry distinct biological and clinical implications in breast
cancer, with isoform-specific expression patterns potentially serving
as more precise biomarkers than total gene expression levels.
Although isoform-level characterization of GON4L in luminal breast
cancer remains limited, its established role as a transcriptional
corepressor interacting with chromatin-modifying complexes raises
the possibility that individual transcript variants may differentially
regulate downstream gene expression programs (6-8). Therefore,
the contribution of specific GON4L isoforms to proliferation and
3D tumor architecture cannot be excluded and deserves dedicated
investigation. Future studies incorporating isoform-specific targeting
strategies and protein-level validation will be essential to more
precisely define the mechanistic contribution of GON4L in breast
cancer.

Taken together, our findings position GON4L as a functionally
relevant transcriptional regulator in luminal breast cancer,
required for both proliferative capacity and structural organization
maintenance under tumor-mimicking conditions. While further
studies are necessary to define the downstream gene networks
controlled by GON4L, the present data suggest that perturbation of
GON4L-dependent regulatory mechanisms may limit tumor growth.
Future investigations focusing on GON4L-regulated transcriptional
programs and their relevance in clinical breast cancer samples will
be essential to clarify its potential value as a therapeutic target or
biomarker.
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Abstract Objective: This study assessed whether human leukocyte antigen (HLA)-B signal peptide dimorphism at position -21
(HLA-B-21) Methionine/Threonine (M/T) and HLA-E polymorphisms are associated with the level of viremia in human
immunodeficiency virus (HIV)-positive individuals from the Turkish population.

Materials and Methods: The study cohort comprised 130 HIV-positive patients and 102 healthy controls. HLA typing was
achieved through a next-generation sequencing (NGS)-based approach, and HLA-E alleles were determined by Sanger
sequencing. HIV-1 level of viremia was measured using the COBAS Ampliprep/TagMan system. Statistical evaluation
included chi-square analysis, nonparametric techniques, and logistic regression modeling.

Results: HLA-E*01:01 and the homozygous E*01:01 genotype were observed significantly more frequently in HIV-positive
patients than in controls. No significant relationship was found between HLA-E alleles and viral load. The HLA-B*51:01
allele was significantly more frequent in patients with a higher viral load, whereas HLA-B*44:02 showed a similar trend
without reaching statistical significance. In addition, the HLA-B-21 T/T genotype was significantly associated with higher
viral load levels.

Conclusion: Our findings indicate that the HLA-B-21 signal peptide polymorphism may play a role in modulating HIV repli-
cation, whereas HLA-E polymorphisms alone appear to have a limited impact. This study provides novel immunogenetic
data from the Turkish population and highlights the potential of HLA-B-21 polymorphism as a genetic marker influencing
HIV disease progression.

Keywords HIV - HLA-B Signal Peptide - HLA-E Polymorphism - Viral Load
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INTRODUCTION

The immune system's ability to control human immunodeficiency
virus (HIV) infection is influenced by various immunogenetic factors,
particularly those involving major histocompatibility complex (MHC)
genes. MHC genes play a central role in presenting foreign peptides
to immune cells, and among them, human leukocyte antigen (HLA)-B
alleles are particularly critical due to their effect on HIV progression
and immune response.

Viral peptides are presented to CD8* T cells via HLA class | molecules,
ensuring that infected cells are destroyed. Natural killer (NK) cells
also recognize and eliminate virus-infected cells that do not have
the appropriate HLA class | molecules. Among the HLA class | genes,
HLA-B is the most polymorphic and has a strong impact on CD4* T
cell counts, viral set point, and consequently the rate of progression
to acquired immune deficiency syndrome (AIDS) (1).

The presentation of peptide (9-mer, 3-11 amino acids) epitopes
derived from the signal sequences of classical HLA-B molecules is
accomplished by HLA-E, a non-classical HLA class | molecule (2,
3). After being transported to the cell surface, the HLA-E/peptide
complex engages CD94/NKG2 receptors on NK cells (4). The affinity of
the inhibitory NKG2A receptor for the HLA-E-bound peptide is higher
than that of the NKG2C receptor (activator) (5-7). Several viruses
(HIV-1, cytomegalovirus, etc.) utilize the HLA-E-mediated pathway to
escape NK cell-mediated death.

Among the 27 alleles of the HLA-E, HLA-E*01:01 and E*01:03 have
been associated with immune function (8). The HLA-E*01:03 allele
has been associated with enhanced surface display and improved
stability relative to HLA-E*01:01. This difference may result in a more
efficient inhibitory function on interaction with the NKG2A receptor,
ultimately leading to distinct responses of NK cells to each of these
ligands (9).

Two variants are defined by the amino acid present at position 2 (P2)
of the 21-residue HLA-B signal peptide—either methionine (P2-M)
or threonine (P2-T), resulting in differential interactions with CD94/
NKG2 receptors (10, 11). As a result of this polymorphism, three HLA-
B P2 genotypes (M/M, M/T, and T/T) are formed. The substitution of
P2-M with P2-T leads to labile HLA-E display on the cell surface (12).
Studies from two African cohorts have shown that the P2-T variant
plays a significant role in immune activation, whereas the presence
of P2-M has no effect on the spread of HIV-1 infection. The same
studies found that NK-mediated cytolysis was significantly increased
in carriers of the P2-T allele (13, 14).

In light of these findings, we aimed to investigate the association
between HLA-B signal peptide variants, HLA-E polymorphisms, and
viral load in HIV-positive individuals.
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MATERIALS AND METHODS
Study Groups

Our study included 130 HIV-positive patients who were presented to
the Istanbul Faculty of Medicine, Department of Infectious Diseases
and Clinical Microbiology, and 102 healthy volunteers (control group).
HIV positivity and level of viremia in the patients were analyzed
in the Microbiology Department. Quantitative HIV-1T RNA testing
was performed using the COBAS Ampliprep/TagMan system (Roche
Diagnostics, USA). The kit's detection range was between 20 and
10,000,000 copies/mL. The research was reviewed and approved
by the Istanbul University, Istanbul Faculty of Medicine, Clinical
Research Ethics Committee (Approval No: 2019/246).

Methods

DNA extraction from whole blood was performed using the Qiagen
EZ-1 DNA isolation device (Qiagen, Hilden, Germany) and the
Qiagen Blood Mini Kit (Qiagen, Hilden, Germany) for both patients
and volunteer donors. The HLA typing of the study groups was
evaluated using the Illumina MiSeq Sequencing System (Illumina,
Inc., San Diego, CA, USA), Omixon Holotype HLA™ analysis (Omixon,
Budapest, Hungary), and Omixon HLA Twin software (Omixon,
Budapest, Hungary). The change at position 21 of the HLA-B
leader peptide (Threonine (T) or Methionine (M)) was confirmed
using the tool available at https://www.ebi.ac.uk/ipd/imgt/hla/
matching/. Genotypic discrimination between the two HLA-E alleles
was performed by Sanger sequencing using TBG HLA-E primers
(Texas BioGene, Inc, Richardson, Texas, USA). The results were
evaluated using AccuType software (TBG Diagnostics Limited/TBG
Biotechnology Corp., Taipei, Taiwan).

Statistical Analyses

Data were analyzed using SPSS version 21.0 software (IBM
Corporation, Armonk, NY, USA). p-values were calculated using Yates's
correction or Fisher's exact test. The level of viremia was assessed
by determining whether the HIV RNA amount was less than or
greater than 10,000 copies/mL, and its relationship with HLA-E, M/
T frequencies was examined using the chi-square test. Since the
level of viremia values did not follow a normal distribution, the
relationship between HLA-E, M/T parameters, and viremia levels was
compared using nonparametric Kruskal-Wallis analysis. A p-value
below 0.05 was considered statistically significant.

RESULTS

Among the 130 HIV-positive patients included in the study, 115 were
male and 15 were female, with a mean age of 38.76 years. Of the 102
healthy volunteers in the control group, 46 were male and 56 were
female, with a mean age of 28.78 years.
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Figure 1. Distribution of HLA-B alleles in HIV-positive patients and healthy controls

In the statistical comparison of HLA allele distributions, the HLA-
B*52:01 allele was observed at a higher frequency in the HIV-positive
patient group compared to the control group (9/260 vs. 2/204, p=0.123,
odds ratio (OR)=3.62). Conversely, the HLA-B*49:01 (8/260 vs. 12/204,
p=0169, OR=0.51) and HLA-B*27:02 (1/260 vs. 4/204, p=0174, OR=019)
alleles were observed at higher frequencies in the control group
compared to the patient group. Furthermore, the HLA-B*15:08 and
HLA-B*53:01 alleles were found exclusively in the control group
(2/204) and were not identified in HIV-positive patients (p=0193)
(Figure 1).

The distribution of HLA-E*01:01 and HLA-E*01:03, as well as the
21T and -21M alleles, was in Hardy-Weinberg equilibrium. When
HLA-E alleles were evaluated in both groups, the E*01:01 allele
was found to be statistically more common in the patient group
(p=0.013). However, T and M dimorphisms at position 21 within HLA-
B showed no significant difference in distribution between the study
groups. When the HLA-E genotype was evaluated, the E*01:01/*01:01
genotype was significantly more common in HIV patients (p=0.037),
but no statistical significance was observed for the signal peptide
dimorphism genotypes.

Viral load data were available for 108 patients. Analysis of HLA-B
allele distribution across low and high viral load categories showed
the alleles were more frequently observed in the higher viral load
group (Table 1). In particular, the HLA-B*51:01 allele was significantly
more frequent in the high viral load group (OR=4.66, p=0.0049).
Similarly, the HLA-B*44:02 allele showed a higher frequency in the
high viral load group (OR=3.87), although this did not reach statistical
significance (p=0.054) (Figure 2). On the other hand, the HLA-
B*35:03 allele was also observed more frequently in the high viral
load group (n=10 vs. n=5, respectively); however, this difference was
not statistically significant (p=0.211). No significant relationship was
found between the level of viremia and the patients' HLA-E or P2
alleles. However, the signal peptide T/T genotype was significantly
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more common in patients with a high level of viremia (p=0.025),
whereas no statistical significance was found for the HLA-E genotype.
When comparing the level of viremia medians with HLA-E and T/
M homozygosity and heterozygosity, borderline insignificance was
observed. Nevertheless, the median level of viremia in patients with
the T/T homozygous genotype was higher than in those with T/M or
M/M genotypes.

Table 1. Distribution of HIV-positive patients according to viral load category

Viral load category n (%)
<10,000 copies/mL (low viral load) 40 (37.03)
10,000 copies/mL (high viral load) 68 (62.96)

Total 108 (100.00)

Logistic regression analysis showed no significant relationship
between the level of viremia (cutoff: 10,000 copies/mL) and gender
(p=0.999), HLA-E (p=0.959), or M/T genotype (p=0.982).

DISCUSSION

In our study, the effects of HLA class | and class Il alleles on viral
load in HIV-positive individuals were analyzed in detail. Notably, the
HLA-B*51:01 allele was observed at a significantly higher frequency
in the high-level viremia category. This finding suggests that the
B*51:01 allele may be insufficient in controlling HIV replication
and may represent a genetic background that supports disease
progression. However, the underlying immunogenetic mechanisms
of this association remain unclear (15). Similarly, the HLA-B*44:02
allele was also more common in the high-level viremia category,
with a p-value approaching statistical significance. This observation
indicates that the B*44:02 allele may also play a disadvantageous
role in the control of HIV infection. Both alleles have been associated
with similar trends in previous studies conducted in different
ethnic groups; however, the results have been inconsistent due
to population-specific differences (16). Therefore, validation of the
present findings in larger, multicenter studies is warranted.

In particular, studies conducted in Asian and Mediterranean
populations have suggested that HLA-B*51:01 may be associated with
more rapid disease progression. In this respect, our study represents
one of the few investigations in Tlrkiye confirming a similar
pattern among HIV-positive individuals. These findings support the
hypothesis that certain HLA alleles can influence viral replication
dynamics in HIV infection and suggest that HLA-B*51:01 and HLA-
B*44:02, in particular, should be further investigated as potential
immunogenetic markers of disease progression.

It is well established that HIV replication is regulated by
epigenetic and transcriptional mechanisms. In this context, our
study specifically evaluated the association between HLA-B-21 (T/
M) polymorphism and viral load. According to our results, the T/
T genotype was significantly more frequent in patients with higher
levels of viremia, suggesting a potential association with less
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Figure 2. Distribution of HLA-B alleles according to HIV viral load categories.

effective viral control. Although previous studies have suggested
that the HLA-B-21 polymorphism may influence immune responses,
the exact mechanisms linking this polymorphism to HIV replication
remain unclear. Therefore, our findings should be interpreted
cautiously and require further functional validation (17). In contrast,
the T/M genotype may weaken this control. These findings highlight
the potential of HLA-B-21 as a genetic marker during HIV infection.

HLA-E*01:01/01:03 genotypes and Bws/Bw6 variants are of particular
interest in HIV research because of their effects on NK cell responses
and antigen presentation. However, in our study, no statistically
significant differences were observed between the low and high
levels of viremia for either system. These results suggest that these
genotypes, on their own, do not exert a decisive influence on the
level of viremia control, or that their effects may manifest only in
more specific immune profiles (18). International studies on Bwé/
Bw6 variants and HLA-E polymorphisms have reported that their
influence on HIV progression is limited or variable across individuals
(18, 19). Consistent with these contradictory findings, our study did
not identify significant differences in these variants.

A major advantage of this investigation is the systematic analysis of
important genetic factors in HIV, including HLA-B, HLA-E, and HLA-
B-21, within a single patient cohort. Nevertheless, the sample size
may have been insufficient to evaluate certain alleles at statistically
significant levels. Interpretations regarding rare genotypes, in
particular, should therefore be made cautiously. Furthermore, no
functional immune response measurements (such as NK cell activity
or CTL responses) were performed in parallel with the genetic
analyses.

This study is one of the first to comprehensively investigate the
relationship between HIV infection and HLA/HLA-B-21 genotypes

in the Turkish population. To date, the association between HLA
distribution and HIV disease course has not been examined in such
detail in this region. Moreover, this work is among the rare studies to
demonstrate a statistically significant relationship between the HLA-
B-21 T/M polymorphism and the level of viremia. These findings are
noteworthy in demonstrating the link between genetic markers and
immune control mechanisms. In addition, by separately analyzing
both low and high levels of viremia category, the relationship
between genotypes and disease progression could be addressed
more clearly. In this regard, our study provides a cross-sectional
analysis and offers meaningful stratification according to clinical
classification.

CONCLUSION

In this study, the relationship between viral load and, HLA-I and I
alleles, as well as HLA-B-21 T/M genotypes, was evaluated for the
first time in a comprehensive manner specifically within the Turkish
population. The findings indicate the genetic markers may influence
HIV replication and disease progression.

Notably, the HLA-B*51:01 and B*44:02 alleles were more frequently
observed in the high-level viremia category, suggesting that these
alleles may confer a disadvantage in the control of HIV infection.
In contrast, no significant differences were detected for Bwz/
Bw6 variants or HLA-E*01:01/01:03 genotypes. One of the most
striking findings was the association between the HLA-B-21 T/
M polymorphism and viral load. The HLA-B-21 T/T genotype was
significantly more frequent in patients with higher levels of viremia,
suggesting a potential role in less effective viral control. Overall,
these results provide valuable insights into the influence of genetic
factors on the course of HIV infection. They may contribute to
the development of genetically based predictions for personalized
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treatment strategies and immunotherapies. However, validation of
these associations will require larger cohorts and further molecular
studies supported by functional analyses.

Limitations

In addition to the small sample size, potential confounding factors
such as variability in antiretroviral therapy, duration of infection,
and disease stage may have influenced the results. Larger studies
are needed to confirm these findings and further investigate the
role of HLA-E polymorphisms in viral load regulation. In addition,
important clinical variables were not consistently available due to
the retrospective design of the study. The absence of these variables
may have influenced viral load measurements and limited the ability
to perform fully adjusted analyses. Furthermore, no formal power
analysis was conducted before the study, and subgroup analyses
may be underpowered.
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Abstract Objective: This study aimed to compare functional outcomes, complication rates, and perioperative parameters of Cable
Grip Plate and Grip Cable techniques for greater trochanter fixation in elderly patients undergoing partial hip replacement
for intertrochanteric femur fractures.

Materials and Methods: This study included 82 patients aged > 60 years treated between January 2020 and December 2023.
Greater trochanter fixation was performed using a cable grip plate (n=45) or a grip cable system (n=37). Demographics,
operative time, intraoperative blood loss, early and late complications, revision rates, functional outcomes (Harris Hip
Score (HHS), Parker Mobility Score (PMS), Visual Analog Scale (VAS)), and walking aid use were compared between groups.

Results: Operative time and blood loss were significantly higher in the cable grip plate group (p=0.001 and p<0.001,
respectively). Nevertheless, this group demonstrated superior functional outcomes, including higher HHS (82.7 + 4.8 vs
79.6 + 55, p=0.008), improved PMS (p=0.006), lower VAS scores (p=0.032), and earlier return to activities of daily living
(p=0.009). Late complications were more frequent in the Grip Cable group (p=0.030), whereas revision rates and mortality
were similar.

Conclusion: Despite longer operative time and increased blood loss, cable grip plate fixation was associated with better
functional recovery and fewer late complications, supporting its use for greater trochanter stabilization in this population.
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INTRODUCTION

Intertrochanteric femur fractures are common, especially in the
elderly population and can be challenging to treat. Partial hip
replacement is frequently preferred in the treatment of these
fractures, especially in patients with osteoporotic bone structure.
Insufficient fixation of the greater trochanter is the most significant
clinical challenge in this process (1).

Among the modern methods used in greater trochanter fixation,
cable systems and plate combinations are prominent (2). These
systems have been developed to support early mobilization and
functional recovery. Cable grip plate systems promise greater
stability, while grip cables maintain their status as a less invasive
option thanks to innovations in this system (3, 4). However,
when both patient- and cadaver-focused studies are examined,
uncertainty persists regarding the superiority of one technique over
the other.

The number of studies comparing the effectiveness of two different
methods on patient functionality is quite limited, considering the
complexity of the methodology. Most existing studies focus on a
single technique or include small patient groups. Considering that
these patients requiring greater trochanter fixation are elderly and
osteoporotic, the standardization of factors affecting complications
and the need for revision also limits the homogeneity of the studies

(5).

One important point to consider when examining the success of
trochanteric fixation methods is their effect on both short- and
long-term functionality. Validated functional outcome measures —
including composite scoring systems, such as the Harris Hip Score
(HHS) and Parker Mobility Score (PMS), as well as pain scales, such
as the Visual Analogue Scale (VAS)— are the most commonly used to
assess recovery after trochanteric fixation (6). Return to activities of
daily living is an additional clinically meaningful end point. Our main
hypothesis was that the cable grip plate system would provide better
functional results (HHS and PMS) and lower implant complication
rates by providing a more stable fixation.

In this retrospective comparative study, we aimed to compare the
clinical results of two different methods (Cable Grip Plate and Grip
Cable) used for greater trochanter fixation in patients undergoing
partial hip replacement for intertrochanteric femur fracture. In
addition, the comparison of both techniques in terms of surgical
parameters (operation time and amount of bleeding) was among the
secondary objectives of the study.

MATERIALS AND METHODS
Patient Selection and Sampling

Between January 2020 and December 2023, patients who underwent
partial hip replacement for femoral intertrochanteric fracture in our

Cable Grip Plate vs Grip Cable: Hip Fracture Outcomes | Yonga et al., 2026

clinic and used Cable Grip Plate (Figure 1) or Grip Cable (Figure 2) for
greater trochanter fixation were included in the study.

Figure 1. Patient x-ray with cable grip plate applied.

Figure 2. Patient x-ray with a grip cable applied.

Patients with at least one year of follow-up, over 60 years of
age, who had fractures due to low-energy trauma on osteoporotic
ground were evaluated. Patients with pathologic fractures, fractures
caused by high-energy trauma, previously operated on the same hip,
neurologic deficits, and patients who did not complete the follow-
up were excluded from the study.

This retrospective comparative study was conducted in accordance
with the Declaration of Helsinki approved by the Yeditepe University
Non-Interventional Clinical Research Ethics Committee (Date: Dec 13,
2024, No: E.83321821-805.02.03-509), with informed consent obtained
from all participants.
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Surgical Technique

All surgical procedures were performed under general or spinal
anesthesia under sterile conditions in the lateral decubitus
position, by the same experienced orthopedic surgeons. For
antibiotic prophylaxis, 1 gram of cefazolin sodium was administered
intravenously 30 minutes before surgery. A posterolateral approach
with Gibson incision was preferred. The fascia lata was opened
longitudinally after the skin-subcutaneous layer was passed. Gluteus
maximus fibers were separated, and the capsule was reached by
preserving the external rotator muscles.

Femoral stem placement was performed in all patients. Calcar-
supported or unsupported prosthesis systems were selected
according to bone quality and anatomic features of the patient.
After prosthesis placement, greater trochanter fixation was started.
Patients were divided into two groups according to the fixation
method used by the treating surgeon: 45 patients received cable grip
plate fixation and 37 patients received grip cable fixation.

In the cable grip plate group, a plate suitable for the size of the
patient's femur was selected and placed, and at least one and at
most three cable grips were applied to the proximal and distal parts.
Inthe Grip Cable group, fixation was provided only with cable systems
without using a plate. In both groups, each cable was stretched with
a standard torque of 50 Newton-meters using a special tensioning
device to ensure optimum stability. After hemostasis control, one
hemovac drain was placed, and the folds were closed in anatomical
plane(s).

Postoperative Follow-up

In the postoperative follow-up of the patients, a standardized
rehabilitation program was applied according to the protocols
recommended in the literature and our clinical experience. In-
bed isometric quadriceps and active-assistive hip exercises were
started on the first postoperative day. Patients were mobilized with
walker support under the guidance of a physiotherapist according to
pain tolerance. Low-molecular-weight heparin (enoxaparin 40 mg/
day subcutaneously) was administered for deep vein thrombosis
prophylaxis until the 30" day after discharge. After discharge,
patients were called for follow-up visits at 27, 6™ and 121
weeks and 6" and 12" months in accordance with the follow-
up protocol recommended in the literature. Radiological evaluation
was performed by taking standard anteroposterior and lateral hip
radiographs at each visit. In addition, validated scoring systems were
used for functional evaluation at each visit.

Evaluation Parameters

The evaluation parameters used in our study were determined based
on similar studies in the literature. Demographic data (age, gender,
and body mass index), ASA scores, fracture side, trauma mechanism,
and comorbidities were recorded in detail.
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Surgical parameters included time from trauma to surgery, operation
time, amount of intraoperative bleeding, type of prosthesis
used (with/without calcar support), number of cables used for
stabilization, and length of hospital stay. According to the literature,
early complications were defined as complications that developed
within the first 30 days postoperatively.

VAS (0-10 points) for pain assessment, HHS, and PMS were used to
evaluate functional outcomes. To evaluate the mobilization status
of the patients, the use of walking aids was recorded, and the
time to return to activities of daily living was determined. According
to the literature, late complications were defined as complications
occurring after the 30th postoperative day.

Statistical Analysis

The statistical analysis of the data examined in the study was
performed using IBM SPSS 23.0 software (IBM Corp., Armonk,
NY, USA). The mean and standard deviation (SD) were used to
define data that followed a normal distribution, whereas the
median and interquartile range (IQR) were used to define non-
normally distributed data. The Student's t-test was used to compare
continuously measured data from two independent groups that
followed a normal distribution, whereas the Mann-Whitney U test
was used to compare data that did not follow a normal distribution.
Chi-square and Fisher's exact test were used to compare categorical
data. Survival analysis was performed using the Kaplan-Meier
method. Missing data were handled using complete-case analysis;
variables with missing values were reported descriptively. Results
with a p value below 0.05 were considered statistically significant.

RESULTS

In our study, we analyzed 82 patients who underwent partial hip
replacement due to intertrochanteric fracture, divided into two
groups as Cable Grip Plate (n=45) and Grip Cable (n=37) according to
the method used in greater trochanter fixation. When demographic
data were analyzed, the mean age was 80.8 + 8.6 years in the Cable
Grip Plate group and 794 + 8.6 years in the Grip Cable group, and
there was no significant difference between the groups (p=0453).
Female patients were predominant in both groups; 77.8% in the
cable grip plate group and 86.5% in the grip cable group (p=0.310).
The mean body mass index of the patients was similar (26.5 + 1.8
kg/m2 for Cable Grip Plate, 25.9 + 1.6 kg/m? for Grip Cable group)
(p=0140). In terms of anesthesia risk, patients with ASA Il and I
scores were the majority in both groups, and the distributions were
similar (p=0.971). No significant difference was found between the
groups in terms of fracture side and trauma mechanism (p=0.824 and
p=0.964, respectively). The most common comorbidity in both groups
was hypertension, and the distribution of other comorbidities was
similar (Table 1).
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Table 1. Demographic and clinical characteristics of patients

Variable Cable grip plate Grip cable Total p
(n=45) (n=37) (n=82) value
Age (years)t 80.8 + 8.6 794 + 8.6 80.2+86 0453
Gender#
- Female 35 (77.8%) 32 (86.5%) 67 (81.7%) 0.310
- Male 10 (22.2%) 5(13.5%) 15 (18.3%)
Body Mass Index
26.5+1.8 259 +16 262 +17 0140
(kg/m2)t
ASA Score¥ 097
ASA | 4(8.9%) 4(10.8%) 8(9.8%)
ASA I 19 (42.2%) 16 (43.2%) 35 (462.7%)
ASA 11 19 (42.2%) 14 (37.8%) 33 (40.2%)
ASA IV 3(6.7%) 3(81%) 6 (7.3%)
Fracture Sidet 0.824
- Right 22 (48.9%) 19 (514%) 41 (50.0%)
- Left 23 (511%) 18 (48.6%) 41(50.0%)
Trauma
. 0.964
Mechanism#
- Simple Fall 38 (84.4%) 31(83.8%) 69 (841%)
- Fall from Height 4 (8.9%) 3(81%) 7 (8.5%)
- Motor vehicle
. 3(6.7%) 3(81%) 6 (7.3%)
accident
Comorbiditiest*
- Hypertension 28 (62.2%) 20 (51.4%) 48 (58.5%) 0.455
- Diabetes 19 (42.2%) 15 (40.5%) 34 (41.5%) 0.878
Mellitus
- Cardiovascular 7 (15.6%) 7 (18.9%) 14 (171%) 0.687
Disease
- Cerebrovascular 4 (8.9%) 3(81%) 7 (8.5%) 0.900
Disease
- COPD 5(111%) 1(27%) 6 (7.3%) 0146
- Osteoporosis 14 (311%) 18 (48.6%) 32 (39.0%) 0105
- Other 6 (13.3%) 8 (21.6%) 14 (171%) 0.321
Intertrochanteric 0934

Fracture Type$
- 31A31
- 31A32

+ 31A33

13 (28.9%)
25 (55.6%)
7 (15.6%)

10 (27.0%)
22 (59.5%)
5 (13.5%)

23 (28.0%)
47 (57.3%)
12 (14.6%)

Data are presented as mean + standard deviation or n (%); t: Analyzed using
Student's t-test; +: Analyzed using the chi-square test or Fisher's exact test;
ASA: American Society of Anesthesiologists; COPD: Chronic Obstructive Pulmonary

Disease; *: A single patient may have multiple comorbidities.
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When the surgical procedures were analyzed in detail, it was seen
that all patients underwent partial hip replacement. When the
operation times were compared, the duration was significantly longer
in the cable grip plate group (110.0 + 27.6 min for Cable Grip Plate,
934 + 11.9 min for Grip Cable group), (p=0.001). This difference was
thought to be due to the additional surgical procedures required for
plate placement. Similarly, the amount of intraoperative bleeding
was higher in the Cable Grip Plate group than Grip Cable group (3111
+ 621 mLvs. 246.0 + 59.4 mL, respectively) (p<0.001). Due to the nature
of the surgical technique, the number of wires used was higher in the
cable grip plate group, and this difference was statistically significant
(median 3vs. 2, p<0.001). There was no significant difference between
the groups in terms of length of hospital stay (6.58 + 1.76 days for
Cable Grip Plate, 6.30 + 2.01 days for Grip Cable group), (p=0.503).
When early complications were evaluated, the total complication
rate was 22.2% in the Cable Grip Plate group and 18.9% in the Grip
Cable group, but the difference did not reach statistical significance
(p=0.915) (Table 2).

Table 2. Surgical details and early outcomes

Parameter Cable grip plate Grip cable Total p
(n=45) (n=37) (n=82) value
Operation Time 110.0 £ 27.6 934 +119 102.5 + 234 0.001*
(minutes)t
Blood Loss (mL)+ 3111 £ 621 246.0 +59.4 2817+ 68.7 <0.001*
Number of Cables 302 2(0 32
) © ) -
Usedt
Prosthesis Type# 0.805
- Cemented 28 (62.2%) 24 (64.9%) 52 (63.4%)
- Uncemented 17 (37.8%) 13 (351%) 30 (36.6%)
Length of Hospital 6.58 +1.76 6.30 £ 2.01 6.45 +1.87 0.503
Stay (days) #
Early 0.915
Complications§
- Superficial 3(6.7%) 2 (5.4%) 5(61%)
surgical site
infection
- Hematoma 3(6.7%) 1(2.7%) 4 (6.9%)
- Delirium 1(22%) 2 (5.4%) 3(3.7%)
- Deep vein 2 (4.4%) 1(2.7%) 3(3.7%)
thrombosis
- Urinary Tract 1(2.2%) 1(2.7%) 2 (24%)

Infection

Data are presented as mean + standard deviation, median (interquartile range), or
n (%); t: Analyzed using the Mann-Whitney U test; #: Analyzed using Student’s t-
test; §: Analyzed using Fisher's exact test; *: Statistically significant (p<0.05)

When the functional results were analyzed in detail, although both
groups showed significant improvement compared with preoperative
values, the cable grip plate group showed superior results. HHS was
82.7 + 4.8 in the Cable Grip Plate group and 79.6+5.5 in the Grip Cable
group at the last follow-up (p=0.008). Parker Mobility Score was also
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higher in the Cable Grip Plate group than Grip Cable group (6.0 vs.
5.0, respectively) (p=0.006). In pain assessment, the VAS score was
lower in the Cable Grip Plate group (2.7£0.9) than Grip Cable group
(3.2¢1.0), (p=0.032). During the rehabilitation process, patients in the
Cable Grip Plate group returned to activities of daily living earlier
(10.2+3.8 weeks) than Grip Cable group (12.4+3.7 weeks), (p=0.009). The
Cable Grip Plate group also showed better results in terms of walking
aid use; the rate of not using a walking aid at the last follow-up was
46.7% in the cable grip plate group, compared with 21.6% in the Grip
Cable group (p=0.049) (Table 3).

Table 3. Functional outcomes of patients

Parameter Cable grip plate  Grip cable Total p
(n=45) (n=37) (n=82) value

Harris Hip Scoret

- Preoperative 495+59 49.0 58 492+58 0.705

- Final Follow-up 82.7+48 79.6 £ 55 813+53 0.008*
Parker Mobility Scoret

- Preoperative 4.0 (0.0) 4.0 (0.0) 4.0 (0.0) 0.231

- Final Follow-up 6.0 (1.0) 5.0 (1.5) 6.0 (2.0) 0.006*
VAS Pain Scoret

- Preoperative 7211 74 +12 73 £11 0.415

- Final Follow-up 27+09 32+10 3.0+£10 0.032*
Walking Aid Usage 0.049*

- None 21 (46.7%) 8 (21.6%) 29 (35.4%)

- Cane 20 (44.4%) 22 (59.5%) 42 (51.2%)

- Walker 4(8.9%) 7 (18.9%) 1 (13.4%)
Time to return to daily  10.2 +3.8 124 +37 11.2+39 0.009*

activities (weeks)

Data are presented as mean + standard deviation, median (interquartile range), or n
(%); #: Analyzed using Student's t-test; t: Analyzed using the Mann-Whitney U test; *:
Statistically significant (p<0.05); VAS: Visual Analog Scale.

In long-term follow-up, late complications were more common in
the Grip Cable group than Cable Grip Plate group (27.0% vs. 8.9%,
respectively) (p=0.030). Similarly, the need for revision surgery was
higher in the Grip Cable group than Cable Grip Plate group (13.5%
vs. 44%, respectively) (p=0144), but neither difference reached
statistical significance. Implant failure and related revisions were
more common in the Grip Cable group (8:1%) compared to Cable Grip
Plate group (2.2%), (p=0.218). When the mortality distribution was
analyzed, it was observed that deaths occurred mostly in the first
6 months in both groups, but no significant difference was found
between the groups in terms of time distribution (p=0.741) (Table 4).
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Table 4. Late complications, revision, and mortality rates of patients

Parameter Cable grip plate  Grip cable  Total p
(n=45) (n=37) (n=82) value

Late Complicationst
- Total 4 (8.9%) 10 (27.0%) 14 (171%)  0.030*
- Implant irritation 1(2.2%) 3(81%) 4 (49%) 0.218
- Heterotopic ossification ~ 1(2.2%) 2 (54%) 3(3.7%) 0445
- Avascular necrosis 1(2.2%) 1(2.7%) 2 (2.4%) 0.888
- Chronic pain 1(2.2%) 2 (5.4%) 3(3.7%) 0.445
- Secondary 0 (0%) 2 (54%) 2 (2.4%) 0114

osteoarthritis

Revision Surgeryt

- Number of patients 2 (44%) 5 (13.5%) 7 (8.5%) 0144
requiring revision
Revision Reasonst
- Implant Failure 1(22%) 3(81%) 4(69%) 0218
- Trochanteric 0(0%) 1(27%) 1(12%) 0267
Pseudarthrosis
- Deep Infection 1(2.2%) 0 (0%) 1(1.2%) 0.362
Mortality Distribution 0.741
- First 3 months 1(2.2%) 2 (5.4%) 3(37%)
+ 3-6 months 1(22%) 2 (5.4%) 3(37%)
- 6-12 months 1(22%) 1(27%) 2 (2.4%)
Mean Survival Time 43+12 32+11 36+0.8 0.803

(months)t

Data are presented as mean + standard deviation and n (%); t: Analyzed using Fisher's
exact test; ¥: Analyzed using Kaplan-Meier survival analysis; *: Statistically significant
(p<0.05).

Based on the Kaplan - Meier survival analysis, no statistically
significant difference was found between the Cable Grip Plate and
Grip Cable groups (p=0.803) (Figure 3).

Survival Functions

Groups

—Grip Cable
Cable Grip Plate

0.8

Cum Survival

0.4+ - ‘
0.2+

0.0

00 200 400 600
Mortality time (Months)

Figure 3. The graphic showing the Kaplan - Meier Survival analysis.
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DISCUSSION

In this study, we aimed to compare the results of two different
methods used in greater trochanter fixation in patients undergoing
partial hip replacement after intertrochanteric femur fracture.
Although it was observed that the cable grip plate method prolonged
the operation time and increased blood loss, this technique was
more successful in functional results. The cable grip plate technique
gave more favorable results, especially in terms of patients' return to
activities of daily living and pain control.

The cable grip plate technique, which we analyzed in our study,
was found to prolong the operation time and increase the amount
of intraoperative bleeding. In our study, the operation time in the
patient group where the cable grip plate technique was used was
longer than in studies where different techniques described in the
literature were used (7, 8). This is mainly due to the additional
surgical steps required for plate placement. The long operation times
observed in the cable grip plate group may be related to the detailed
surgical procedures performed to protect the abductor muscle
mechanism. It has been observed that cerclage wire techniques used
for proper placement and fixation of the trochanteric parts prolong
the operation time similar to that of plate systems (9). In addition,
this study found that intraoperative blood loss was greater in the
group using the plate system. The high amount of intraoperative
bleeding is due to the management of complex anatomic structures
and the use of more invasive surgical techniques in this method.
In the light of these findings, it is important for surgeons to adopt
less invasive approaches and use technologies to reduce blood loss.
In conclusion, the long operation times and increased blood loss
observed in the use of cable grip plates are related to the differences
in surgical techniques and the properties of the materials used.
Therefore, it is recommended that patient characteristics should be
carefully evaluated in surgical planning and the most appropriate
method should be selected.

In our study, the cable grip plate system showed more positive
results in HHS, PMS, and VAS pain assessments. The time to
return to activities of daily living was also significantly shorter. It
is also supported in the literature that these systems accelerate
the rehabilitation process and improve functional results by
strengthening mechanical stability (10). The faster rehabilitation time
in the cable grip plate group is most likely due to more effective
stabilization and intraoperative technical advantages. Previous
studies have demonstrated that multi-fiber cable systems, such as
the Dall Miles Cable system, show higher mechanical resistance and
shorten the healing process compared with single-fiber systems (11).
However, it is important to carefully monitor complications such as
metal wear particles and bone resorption that can be seen with these
systems (12, 13). These findings support the positive effects of cable
grip plate systems in the rehabilitation process. However, the choice
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of surgical technique and patient characteristics also significantly
affect the healing process and functional results.

Our study revealed that late complications and the need for revision
surgery were more common in the Grip Cable system, suggesting that
this system may be associated with a higher burden of late-term
complications. It is known in the literature that cable systems cause
problems such as loosening and implant failure over time. Studies
have shown that metal wear particles from cable systems accelerate
bone resorption (13). It has been reported that mechanical problems
such as cable slippage, are common, especially in parts in the
trochanteric region (14). In terms of implant revisions, no significant
difference was found between the Cable Grip Plate and Grip Cable
systems. However, it has been emphasized that cable-plate systems
can be used in a wider range of fractures (14). It has been observed
that such failures are generally associated with factors such as high
body mass index and inadequate fixation. Although loosening and
mechanical failures observed in Vancouver B-type fractures increase
the need for revision surgery, the risk of complications can be
reduced with appropriate surgical fixation techniques and correct
implant selection (15).

The higher incidence of requiring revision surgery in the Grip Cable
group suggests that this system may have some limitations in
terms of implant stability. In the literature, it has been reported
that cable systems may cause problems such as loosening, metal
fatigue, and implant failure in the long term, especially in elderly
and osteoporotic patients (16). In addition, it has been emphasized
that the mechanical strength of cable systems is lower than that
of plate systems, which may adversely affect stability, especially
in areas under intense stress (17). Our findings suggest that cable
systems may lead to the need for more frequent revision surgery,
and this is a situation that should be considered especially in the
early postoperative period.

In our study, mortality rates were similar between the groups.
This result reveals that the fixation method used does not have
a significant effect on mortality. Studies in the literature analyzing
mortality data have not clearly stated the effect of surgical
techniques on mortality (18). It has been reported that mortality
rates, especially in elderly patients and patients with osteoporosis,
are more related to the general health status of the patient,
comorbidities, and postoperative complications. Risk assessment
models, such as the Almelo Hip Fracture Score (AHFS), have shown
that factors such as age, ASA score, and pre-fracture mobility are
more determinative than the fixation method in predicting mortality
(19). These findings support the similar mortality rates observed in
our study. It has been emphasized that the pre-fracture functional
level (New Mobility Score) is an important determinant of both
mortality rates and in-hospital outcomes (20). Therefore, the similar
mortality rates observed in both groups in our study are most likely
related to the general health status and pre-fracture functional
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capacity of the patients. In summary, it can be said that the general
health status and pre-fracture functional level of the patient are
more effective on mortality than the choice of fixation method.

Limitations

Firstly, due to its retrospective design, the possibility of hias in
patient selection cannot be ruled out. In addition, single-center
experience and short follow-up period limit the generalizability
of the results. However, the strengths of our study include
homogeneous patient groups, standardized surgical technique, and
detailed functional assessments. Future multi-center, randomized
controlled studies with longer follow-up periods will reveal the long-
term results of these techniques more clearly. In particular, there
is a need for studies to determine which technique is superior
in different patient subgroups (such as osteoporosis severity and
activity level).

CONCLUSION

In conclusion, the cable grip plate technique was deemed more
efficient, as it demonstrated superior functional outcomes and
enhanced preservation of the greater trochanter position in patients
with intertrochanteric femur fracture treated with partial hip
replacement, despite being associated with longer operative time
and increased intraoperative blood loss. This technique significantly
shortened the time to return to activities of daily living (102 + 3.8
vs. 124 + 3.7 weeks, p=0.009), improved the HHS (82.7 + 4.8 vs. 79.6
+ 55, p=0.008), and yielded better results in pain control (VAS score
27 £09vs. 32+ 10, p=0.032). Late complication rates (8.9% vs. 27%,
p=0.030) and the need for revision surgery (44% vs. 13.5%, p=0:144)
were numerically lower compared with the Grip Cable method, but
these differences did not reach statistical significance. Considering
the favorable functional results demonstrated in our study, the cable
grip plate technique may be considered a preferable surgical option
for greater trochanter fixation in this population.
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Abstract Objective: This study aimed to comparatively evaluate the antimicrobial activity of free salicylic acid, liposomal salicylic
acid, and an arbutin-containing liposomal salicylic acid formulation against Cutibacterium acnes (C. acnes), a key microor-
ganism in the pathogenesis of acne vulgaris, and to assess the contribution of liposomal carrier systems to antimicrobial
efficacy.

Materials and Methods: C. acnes (ATCC® 6919™) was used as the test strain. Salicylic acid-loaded liposomes were prepared
using the thin-film hydration method and characterized for particle size, polydispersity index, zeta potential, encapsulation
efficiency, and process yield. Antimicrobial activity was evaluated using broth microdilution and agar dilution methods
according to the Clinical and Laboratory Standards Institute (CLSI) M11 guidelines. Ampicillin, ampicillin-sulbactam,
meropenem, tetracycline, clindamycin, and vancomycin served as reference antibiotics. Free salicylic acid and liposomal
formulations were tested comparatively.

Results: Minimum inhibitory concentration (MIC) values of the reference antibiotics were within CLSI quality control ranges.
Free salicylic acid showed an MIC of 0.9 mg/mL, while the liposomal formulation reduced the MIC to 0.45 mg/mL, indicating
a twofold enhancement in antimicrobial activity. The arbutin-containing liposomal formulation did not achieve complete
inhibition at this concentration but resulted in approximately 50% growth reduction.

Conclusion: Liposomal delivery significantly enhances the antimicrobial activity of salicylic acid against C. acnes. Incorpo-
ration of arbutin provided partial inhibition, suggesting liposome-based systems as promising topical strategies for acne
treatment.
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INTRODUCTION

Acne vulgaris is one of the most prevalent dermatological disorders
worldwide, with a particularly high incidence during adolescence (1).
The pathogenesis of acne is multifactorial and is primarily driven
by follicular hyperkeratinization, increased sebum production,
inflammation, and colonization by Cutibacterium acnes (C. acnes)
(2). C. acnes proliferates within the lipid-rich pilosebaceous unit and
plays a key role in initiating the inflammatory response. Excessive
bacterial growth and the subsequent immune activation contribute
critically to all stages of acne development, from comedone
formation to the progression of inflammatory lesions. Consequently,
C. acnes is a central target in acne pathogenesis, and a substantial
proportion of therapeutic strategies are aimed at reducing the
bacterial burden (3).

Salicylic acid (a B-hydroxy acid) has been widely used for the
treatment of acne for many years, with well-established comedolytic,
antibacterial, and anti-inflammatory effects. Its therapeutic efficacy
is primarily attributed to the resolution of follicular obstruction,
reduction of free fatty acids, and suppression of C. acnes-
induced inflammatory processes (4). However, poor solubility
and instability under physiological conditions represent key
technological challenges in the topical delivery of salicylic acid
(5). Dermal absorption of salicylic acid is highly dependent on
formulation characteristics, highlighting the need for controlled
delivery systems. Therefore, to overcome these limitations, salicylic
acid was encapsulated into liposomal drug delivery systems in this
study.

Arbutin is a naturally occurring glycoside of hydroquinone that
inhibits melanin synthesis and is widely used in cosmetic
and dermatological preparations (6). It is particularly effective
in reducing post-inflammatory hyperpigmentation following acne
lesions. Although data on the direct antibacterial activity of pure
arbutin against C. acnes are limited, some studies have investigated
the effects of arbutin-rich plant extracts on C. acnes (7). Given
its extensive use in cosmetic formulations, these studies are of
particular relevance. Extracts with high arbutin content have been
reported to exhibit antibacterial and anti-inflammatory activities
against C. acnes, suggesting that arbutin may indirectly contribute to
the modulation of acne-related microbial growth and inflammation
(7,8).

Liposomes are biocompatible and targetable drug delivery vesicles
that exhibit high compatibility with the skin lipid barrier due to their
phospholipid-based structure (9). Liposomes are used in targeting
the pilosebaceous unit (hair follicle and sebaceous glands) (10).
Optimization of their particle size within the range of 300-600 nm
enables preferential localization to pilosebaceous units, facilitating
the localized delivery of active compounds to the follicular
microenvironment where C. acnes proliferates (11). Moreover, their

controlled release properties may enhance the therapeutic efficacy
of active ingredients while reducing the risk of skin irritation. In
this context, liposomal carrier systems offer significant potential for
overcoming the solubility and penetration limitations of salicylic
acid and are a more effective and better-tolerated approach for acne
treatment.

The aim of this study was to comparatively evaluate the in vitro
antimicrobial activity of free salicylic acid, liposomal salicylic acid,
and arbutin-combined liposomal systems against C. acnes (ATCC®
6919™) and to elucidate the contribution of liposomal carrier
systems to the antibacterial potential of these compounds.

MATERIALS AND METHODS
Materials

Salicylic acid and arbutin were obtained from Elito (Tiirkiye). Soy
lecithin (Acros Organics, USA) and cholesterol (Merck, Germany)
were used as lipid components. Chloroform (Merck, Germany)
was used as the organic solvent, and ultrapure water (isolab,
Tiirkiye) was used as the aqueous phase. For spectrophotometric
analysis, aqueous and phosphate-buffered saline (PBS, dissolution
medium) solutions containing 10% (v/v) ethanol were used. Standard
solutions of salicylic acid in the concentration range of 2.5-50 pg/
mL were prepared. Quantitative measurements were performed at
296 nm in the aqueous medium and at 295 nm in the dissolution
medium using an ultraviolet (UV)-visible spectrophotometer (DLAB
SP-UV1100 UV Spectrophotometer, China). The analytical method
was calibrated and validated before analysis in accordance with
International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH) guidelines.

For microbiological experiments, C. acnes (ATCC® 6919™) was cultured
in Brucella agar and Brucella broth (Merck, Germany) supplemented
with 5% sheep blood, hemin, and vitamin K. Anaerobic incubation
was performed using AnaeroGen™ gas generation systems (Oxoid,
United Kingdom). In accordance with Clinical and Laboratory
Standards Institute (CLSI) guidelines, the in vitro minimum inhibitory
concentration (MIC) values of clindamycin, tetracycline, ampicillin,
ampicillin-sulbactam, meropenem, and vancomycin were evaluated
as reference antimicrobials.

Preparation of Liposomal Formulations

Salicylic acid-loaded liposomes were prepared using the thin-film
hydration method with some modifications (12). Predetermined
amounts of soy lecithin, cholesterol, and salicylic acid were
dissolved in 5 mL of chloroform using a magnetic stirrer (Weightlab
WN-10H-120, Tiirkiye), and the solvent was removed under reduced
pressure using a rotary evaporator (Heidolph, Germany) at 40 °C and
60 rpm to form a thin lipid film. The resulting film was hydrated with
10 mL of ultrapure water, stirred for 2 minutes, and subsequently
sonicated for 20 minutes to obtain multilamellar vesicles using
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an ultrasonic water bath (WiseClean, Japan). The liposomes were
separated by centrifugation at 13500 rpm for 20 min (Daihan, Japan)
and stored in dry form after lyophilization (HyperCOOL HC3110,
Hanil Scientific Inc., Korea, -80 °C, <01 torr, 16 h). To optimize the
formulation, eight different liposomal formulations were prepared
by varying the lecithin content, salicylic acid dose, and lecithin-
to-cholesterol molar ratio by applying multiple linear regression
analysis to formulations with F1-F8 codes (STATISTICA 8.0; Stat Soft.
Inc., OK, USA) (Table 1, 2).

Table 1. Formulation table of salicylic acid loaded liposomes

Lecithin (mg) Salicylic acid (mg)  Lecithin-Cholesterol

molar ratio
F-1 100 20 2
F-2 100 20 4
=3 100 40 2
F-4 100 40 4
F-5 200 20 2
F-6 200 20 4
F-7 200 40 2
F-8 200 40 4
Table 2. Variable level of 23 factorial design for liposomes
Variable level -1(low) +1 (high)
Lecithin (mg) (X,) 100 200
Salicylic acid (mg) (X,) 20 40
Lecithin-Cholesterol molar ratio (X5) 2 4

Characterization of Liposomal Formulations
Particle Size Distribution and Polydispersity Index (PDI)

Lyophilized liposomes (5-10 mg) were reconstituted in 10 mL of
ultrapure water and dispersed using an ultrasonic water bath
(WiseClean, Japan) for 5 min, followed by vortex (Daihan Scientific
VM-10, China) mixing for 5 min. No additional dilution step was
applied before analysis. Particle size and size distribution were
determined by dynamic light scattering (DLS) using a Zetasizer
(NanoSeries Nano-ZS, Malvern Instruments, UK). Measurements were
performed at 25 °C using a 633-nm He-Ne laser with a scattering
angle of 173°. Disposable cuvettes were used, and all measurements
were conducted in triplicate (n = 3).

Zeta Potential

Lyophilized liposomes (5-10 mg) were reconstituted in 10 mL
of ultrapure water prior to analysis. No additional dilution step
was applied. The zeta potential values of the formulations were
determined by electrophoretic mobility measurements using a
Zetasizer Nano-ZS (Malvern Instruments, UK). Measurements were
performed at 25°C using disposable folded capillary zeta cells. All

analyses were performed in triplicate, and the results are presented
as mean + standard deviation (n = 3).

Encapsulation Efficiency and Drug Loading

Encapsulation efficiency was determined using an indirect method
by quantifying the amount of free salicylic acid in the supernatant
obtained after liposome preparation. Drug loading (DL%) was
calculated based on the supernatant concentration (Equation 1). For
the determination of the active drug content, a direct method was
employed. Briefly, 10 mg of liposomes were incubated in ultrapure
water for 30 minutes to ensure complete release of the encapsulated
drug. DL% was calculated using Equation 2. All analyses were
performed in triplicate.

Total SA — Unloaded SA
EE% = Tl SA x 100 Eq.1

Loaded SA
DL% = 100
% Total formulation weight x

Eq. 2
EE: Encapsulation efficiency; SA: Salicylic acid; DL: Drug loading
Process Yield

The process yield of the liposomal formulations was determined
gravimetrically. Following lyophilization, the actual weight of the
recovered liposomes was compared with the theoretical weight
of the formulation, and the process vyield was calculated using
Equation 3.

Obtained Liposome weight
PY% = 100 Eq. 3
% Total ingredients (SA + Lecithin + cholesterol) x d

PY: Process yield; SA: Salicylic acid
Morphological Analyses

The morphological characteristics of the liposomes were evaluated
using scanning electron microscopy (SEM). For SEM analysis, the
aqueous liposome dispersion (F-8) was dropped onto the sample
holder and allowed to dry at room temperature. The dried samples
were subsequently coated with a thin conductive layer before
imaging. SEM imaging was performed using a Zeiss EVO LS10
microscope (Cambridge, UK) operated at 20 kV under different
magnifications.

Release Study

In vitro drug release studies were performed for free salicylic
acid and the selected optimum salicylic acid-loaded liposome
formulation (F-8) based on previously reported methods with minor
modifications (13, 14). Briefly, free salicylic acid and liposomes
containing an equivalent amount of salicylic acid (80 ug) were
dispersed in 2 mL of PBS (pH 7.4) containing 10% ethanol to maintain
sink conditions. The samples were transferred into eppendorf tubes
and incubated in a shaking water bath at 37°C and 75 rpm for
24 h. At predetermined time intervals (0, 0.25, 0.5, 1, 2, 4 7,
and 24 h), the tubes were withdrawn and centrifuged at 13,500
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rpm for 10 min. Following centrifugation, the supernatants were
collected and analyzed spectrophotometrically using a UV-visible
spectrophotometer at 295 nm to determine the amount of released
salicylic acid. The analytical method used for quantification was
previously calibrated and validated. All experiments were performed
in triplicate.

Antimicrobial Activity Studies
Broth Microdilution Method

C. acnes (ATCC® 6919™) was used as the test microorganism in
antimicrobial activity studies. MIC values were determined using the
broth microdilution method recommended by the CLSI for anaerobic
bacteria (15). The reference strain was cultured on Brucella agar
supplemented with 5% sheep blood, hemin (5 pg/mL), and vitamin K,
(1 pg/mL) and incubated under anaerobic conditions at 37 °C for 48
h to obtain fresh cultures. Colonies were then suspended in Brucella
broth supplemented with hemin and vitamin K, and incubated under
anaerobic conditions at 37 °C for an additional 48 h.

Bacterial suspensions were adjusted to 0.5 McFarland turbidity
(approximately 1.5 x 108 CFU/mL) using the same enriched Brucella
broth and subsequently diluted to achieve a final inoculum
concentration of 5 x 10% CFU/mL in the microdilution wells, in
accordance with CLSI recommendations. Two-fold serial dilutions of
reference antibiotics (ampicillin, ampicillin-sulbactam, meropenem,
tetracycline, clindamycin, and vancomycin) and the three test
formulations (free salicylic acid, liposomal salicylic acid, and
2% arbutin+ liposomal salicylic acid) were prepared in 96-well
microplates. The plates were incubated under anaerobic conditions
using AnaeroGen™ gas-generating systems at 35°C-37°C for 48 h
(15). The antimicrobial efficacy of free salicylic acid and liposomal
formulations (salicylic acid-LIPO and salicylic acid-LIPO-ARB) against
C. acnes was evaluated using the broth microdilution method
according to CLSI recommendations. Serial two-fold dilutions of
the formulations were prepared within the concentration range of
0.05625-1.8 mg/mL. MIC/MIC, values were determined based on the
inhibition of visible bacterial growth following anaerobic incubation.
MIC/MICs, values were interpreted according to CLSI M11 guidelines
(15). MIC/MICs, values were interpreted according to CLSI M11 (15)
breakpoints, and visual assessment was supported by absorbance
measurements when necessary. All experiments were performed in
triplicate.

Agar Dilution Method

The agar dilution method, accepted as the reference method for
antimicrobial susceptibility testing, was performed in accordance
with the CLSI guideline for anaerobic bacteria (CLSI M11) (15). Isolates
were cultured on Brucella agar supplemented with 5% sheep blood,
hemin (5 pg/mL), and vitamin K, (1 ug/mL) and incubated under
anaerobic conditions at 37 °C for 48 h to obtain fresh cultures.

Bacterial suspensions prepared from fresh colonies were adjusted to
0.5 McFarland turbidity (approximately 1.5 x 108 CFU/mL) in Brucella
broth supplemented with hemin and vitamin K;, and then diluted
tenfold to achieve a final inoculum density of 1 x 105 CFU per 10 uL.

Test formulations and reference antibiotics were prepared as
two-fold serial dilutions according to CLSI recommendations and
incorporated into Brucella agar supplemented with 5% sheep blood,
hemin, and vitamin K,. Separate agar plates were prepared for
each concentration, and drug-free plates were included as controls.
Aliquots of 10 uL of the bacterial suspension were applied to the
agar surface by spot inoculation, proceeding from the lowest to the
highest concentration. After inoculum absorption, the plates were
incubated under anaerobic conditions at 37 °C for 48 h. Control
plates without antibiotics were incubated under aerobic conditions
for contamination control and under anaerobic conditions for growth
control.

Following incubation, the MIC was defined as the lowest
concentration at which complete inhibition of visible bacterial
growth was observed; faint growth or single colonies were not
considered indicative of growth. Results were interpreted according
to the CLSI M11 criteria (15). All experiments were performed in
triplicate.

Statistical Analyses

All experiments were performed in at least three independent
replicates, and results are presented as mean * standard error.
Statistical analyses were conducted using Statistica software
(STATISTICA 8.0; StatSoft. Inc, OK, USA). In addition to appropriate
parametric or nonparametric tests, multivariate regression analysis
was performed to evaluate the individual and combined effects of
three formulation parameters on the measured responses. A p-value
of < 0.05 was considered statistically significant.

RESULTS

Preparation and Characterization of Liposomal
Formulations

In this study, a total of eight liposomal formulations were developed
using different lecithin amounts, varying salicylic acid doses, and
two lecithin-to-cholesterol molar ratios (21 and 41) and were
comprehensively characterized. Particle size, PDI, zeta potential,
encapsulation efficiency, drug loading and process yield values of
the formulations are presented in Table 3.

=
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Table 3. Results of liposomal formulations containing salicylic acid

Code Size + SD (nm) PDI + SD Zeta Potential + SD (mV) EE % + SD DL % *SD Process Yield%
(n=3) (n=3) (n=3) (n=3) (n=3)
F-1 427.7 + 6156 045 +0.05 -35.87 + 0.69 1331+ 413 1120 £ 0.70 5427
F2 339.6 + 1496 045+ 001 -3548 +1.01 2857 +193 9.73+ 012 62.62
F-3 3599 + 6216 0.60 + 0.06 -3447 +1.05 30.36 + 0.91 1273+ 0.27 7222
F-4 396.6 + 4898 052 +0.06 -30.62 + 0.29 37.69 + 0.66 10.88 + 012 56.72
F-5 850.8 + 803 062+ 0.05 -36.79 + 0.60 17.62 + 597 847 + 142 58.85
F-6 169.5 + 11.97 041008 -36.66 + 2.06 2357 +1.83 124+ 0.84 6218
F-7 6094 + 90.78 054+ 0.05 -3550 + 0.7 3503+ 424 13057 61.54
F-8 1552 + 11.81 042+ 0.08 2855 + 0.22 36.06 + 047 1422 + 0.2 60.96

PDI: Polydispersity index; SD: Standard deviation; EE: Encapsulation efficiency; DL: Drug loading

Particle Size and PDI Evaluation

The particle sizes of the liposomal formulations ranged from 155.2
to 850.8 nm. Formulations containing higher amounts of lecithin
(F-5, F-6, F-7, and F-8) generally exhibited larger particle sizes, with
F-5 showing the largest mean particle size (850.8 nm). In contrast,
increasing the lecithin-to-cholesterol molar ratio from 2:1 to 4:1 did
not result in a statistically significant effect on particle size (p>0.05).
The PDI values of all formulations ranged between 041 and 0.62,
and since all values were below 0.7, the size distributions were
considered homogeneous and acceptable.

Zeta Potential and Colloidal Stability

Zeta potential measurements revealed that all formulations
possessed negative surface charges, with values ranging from -28.55
mV to -36.79 mV. These results indicate adequate electrostatic
stabilization and confirm the colloidal stability of the liposomal
formulations.

Encapsulation Efficiency and Drug Loading

Statistical analysis of encapsulation efficiency revealed that
increasing the amount of salicylic acid and the lecithin-to-
cholesterol molar ratio to 41 had a statistically significant
positive effect on encapsulation efficiency (p<0.05). The highest
encapsulation efficiencies were observed for formulations F-4
(37.69%) and F-8 (36.06%). These formulations exhibited optimal
loading profiles due to their higher salicylic acid content (40 mg)
combined with a 4:1 lecithin-to-cholesterol molar ratio. The drug
loading values ranged from 8.47% to 14.22%, and formulations with
higher encapsulation efficiencies also showed higher drug loading.

Process Yield

The process yield of the liposomal formulations ranged from 54.27%
to 72.22%. All formulations exhibited acceptable process yields, with
the highest yield (72.22%) obtained for formulation F-3.

Morphology of Liposomes

Although SEM images showed relatively smaller primary particles,
the mean particle size of the optimized liposome formulation was
determined to be approximately 155 nm by DLS analysis (Figure 1).
The difference between SEM and DLS results may be attributed to the
hydrodynamic diameter measured in the aqueous dispersed state
during DLS analysis, which can lead to particle swelling, as well as
the partial aggregation observed in the formulation.

Figure 1. SEM images of liposomes.

Release Study

The in vitro release study demonstrated that free salicylic acid
exhibited a rapid release profile, reaching approximately 90% release
within the first hours. In contrast, the salicylic acid-loaded liposome
formulation (F-8) showed a slower and more controlled release
behavior, with approximately 65% cumulative release after 24 h.
These findings indicate that liposomal encapsulation successfully
prolonged the release of salicylic acid compared to the free drug
(Figure 2).
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Figure 2. Release study of salicylic acid and salicylic acid-loaded liposomes.

Antimicrobial Activity Results
MIC Values Determined by the Broth Microdilution Method

The antimicrobial activities of free salicylic acid, liposomal salicylic
acid, and 2% arbutin-combined liposomal formulations designed to
enhance penetration were evaluated against C. acnes (ATCC® 6919™)
using the broth microdilution method over a concentration range
of 0135-0.001 mg/mL. Free salicylic acid was tested in powder form
as salicylic acid (1.8 mg/mL), liposomal salicylic acid was evaluated
as salicylic acid-LIPO (1.8 mg/mL), and the arbutin-combined
liposomal formulation was tested as salicylic acid-LIPO-ARB (1.8
mg/mL). For comparison, reference antibiotics included ampicillin
(AMP, 0.008 mg/mL), ampicillin-sulbactam (SAM, 0.008/0.016 mg/
mL), meropenem (MEM, 0.008 mg/mL), tetracycline (TET, 0.0016 mg/
mL), clindamycin (CLI, 0.256 mg/mL), and vancomycin (VAN, 0.008
mg/mL). All antimicrobial agents were evaluated against C. acnes
(ATCC® 6919™) in accordance with CLSI recommendations.

The MIC values determined for C. acnes (ATCC® 6919™) were 0.5 pg/
mL for ampicillin, 0.25/4 pg/mL for ampicillin-sulbactam, 0.25 pg/
mL for meropenem, and 0.5 ug/mL for tetracycline, clindamycin, and
vancomycin. These results were consistent with the expected CLSI
quality control MIC ranges. Free salicylic acid exhibited an MIC of 0.9
mg/mL against C. acnes, whereas this value decreased to 045 mg/
mLin the liposomal formulation, corresponding to an approximately
two-fold reduction in MIC following liposomal encapsulation. In
the salicylic acid-arbutin-loaded liposomal formulation (SA-LIPO-
ARB), complete inhibition was not achieved at 0.45 mg/mL; however,
approximately 50% inhibition of bacterial growth was observed,
indicating that the MIC,, value was below 045 mg/mL (Figure 3).
These findings suggest that while the addition of arbutin did not
result in complete inhibition, it exerted a partial inhibitory effect.
Overall, the results demonstrate that liposomal carrier systems can
enhance the antimicrobial activity of salicylic acid against C. acnes.

0.9
09
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0.7
0.6

05 0.45 0.45
0.4 |

MIC (mg/mL)

03 |
0.2 |
01 |
0 |
SA-POWDER SA-LIPO  SA-LIPO-ARB

Formulation

Figure 3. MIC values of free and liposomal salicylic acid formulations against
C. acnes (ATCC® 6919™). MIC: Minimum inhibitory concentration; SA-Powder: Free
salicylic acid; SA-LIPO: liposomal salicylic acid; SA-LIPO-ARB: Arbutin-loaded
liposomal salicylic acid.

MIC Values Determined by the Agar Dilution Method

In this study, the antimicrobial susceptibilities of Cutibacterium
strains were also evaluated using the agar dilution method,
which is recommended by the CLSI as the gold standard, against
six antibiotics (ampicillin, ampicillin-sulbactam, meropenem,
tetracycline, clindamycin, and vancomycin) as well as three test
compounds. Susceptibility interpretations were performed according
to the CLSI (M11) criteria. Based on the MIC values obtained by the
agar dilution method, the susceptibility profiles of the isolates to
the tested antibiotics were identical, and no statistically significant
differences were observed between the methods. All antibiotic MIC
results were within the CLSI-reference breakpoints.

For C. acnes (ATCC® 6919™), the MIC values were 0.5 pg/mL
for ampicillin, 0.25/4 pg/mL for ampicillin-sulbactam, 0.25 pg/mL
for meropenem, and 0.5 ug/mL for tetracycline, clindamycin, and
vancomycin, which were consistent with the expected CLSI quality
control MIC ranges. Free salicylic acid exhibited an MIC of 0.9 mg/
mL against C. acnes, whereas this value decreased to 045 mg/
mL in the liposomal formulation, indicating an approximately two-
fold increase in antimicrobial activity. In the SA-LIPO-ARB, complete
inhibition was not achieved at 0.45 mg/mL; however, a reduction in
colony size was observed (Table 4).

Experimed, 16 (2): 128-136 [T



In vitro Antimicrobial Activity of Salicylic Acid-Loaded Liposomes for Acne | Kuyucuklu-Kazan & Ergin, 2026

Table 4. MIC values and colony inhibition profiles of salicylic acid and salicylic acid-
arbutin-loaded liposomal formulations against C. acnes (ATCC® 6919™).

MIC (mg/mL) Colony Inhibition
SA 0.90 Complete
SA-LIPO 0.45 Complete
SA-LIPO-ARB 045 Partial

MIC: Minimum inhibitory concentration; SA: Salicylic acid; SA-LIPO: Liposomal salicylic acid;
SA-LIPO-ARB: Salicylic acid-arbutin-loaded liposomal formulation.

DISCUSSION

Acne wvulgaris is a chronic inflammatory disorder of the
pilosebaceous unit, in which colonization by C. acnes plays a central
role in disease pathogenesis (16). The colonization characteristics of
this bacterium enable protection against host immune responses
and antimicrobial agents, thereby limiting treatment efficacy and
facilitating the development of resistance (17). Consequently,
therapeutic agents used in acne management should not only
exhibit antibacterial activity but also provide targeted delivery with
high local tolerability. In the present study, the in vitro antimicrobial
activities of a novel liposomal formulation used in acne treatment
and its arbutin-combined counterpart were comparatively evaluated
against C. acnes (ATCC® 6919™), demonstrating the effectiveness of
liposomal carrier systems.

Salicylic acid has long been employed in acne therapy due to
its keratolytic and anti-inflammatory properties; however, when
administered in its free form, it presents notable limitations,
including poor solubility, instability, and potential for irritation (5,
18). Previous studies have reported MICy, values of approximately
1000 pg/mL and minimum bactericidal concentration (MBC) values
around 2000 pg/mL for free salicylic acid against C. acnes strains
(19). Liposomal encapsulation enhances the local concentration of
the drug in the vicinity of bacterial cells, rendering these threshold
concentrations biologically relevant. In our study, free salicylic acid
exhibited an MIC of 0.9 mg/mL against C. acnes, indicating moderate
antibacterial activity in its unencapsulated form. In contrast, the MIC
value decreased to 0.45 mg/mL following liposomal encapsulation,
clearly demonstrating an approximately two-fold enhancement in
antimicrobial efficacy. Notably, these MIC values were comparable
to those obtained for the reference antibiotics used in the
study, suggesting that liposomal salicylic acid formulations exhibit
antimicrobial activity consistent with standard antibacterial agents.

The enhanced antimicrobial efficacy observed in this study may
be attributed to several advantages of liposomal carrier systems,
including their high compatibility with the skin lipid barrier due
to their phospholipid-based structure, their ability to provide
controlled drug release, and their capacity to facilitate more efficient
delivery to the pilosebaceous unit (20, 21). In addition, liposomes
protect active compounds from environmental degradation and
prolong their residence time within the skin, thereby contributing

to increased local antimicrobial activity. Another important factor
is the relative stability of salicylic acid’s antimicrobial activity in
sebaceous environments. Unlike other topical agents, salicylic acid
maintains its antibacterial effectiveness in the presence of sebum.
For instance, while the activity of benzoyl peroxide (BPO) is markedly
reduced in the presence of 50% sebum, the MIC and MBC values of
salicylic acid are minimally affected by sebaceous conditions (19).
This observation suggests that the lipophilic nature of salicylic acid
confers a distinct advantage within the lipid-rich environment of the
sebaceous follicle.

In the present study, salicylic acid-loaded liposomes were
successfully prepared using a thin-film hydration approach, and
the effects of formulation variables on key physicochemical
characteristics were systematically evaluated. The results indicate
that variations in lecithin content did not result in a statistically
significant effect on particle size (p>0.05), although formulations
with higher lecithin levels tended to exhibit larger vesicle diameters.
Similarly, changes in the lecithin-to-cholesterol molar ratio did
not significantly influence particle size, suggesting that within
the investigated composition range, lipid composition primarily
affected membrane organization rather than vesicle growth. All
formulations exhibited PDI values below 0.7 and negative zeta
potentials, suggesting homogeneous size distribution and sufficient
electrostatic stabilization, both of which are critical for colloidal
stability in topical delivery systems. In this study, the particle size
of SA-loaded liposomes ranged from 155.2 to 850.8 nm, indicating
a relatively broad size distribution. Mi et al. prepared SA-loaded
nanoliposomes using a similar thin-film hydration method; however,
their formulations were subsequently extruded through 400 and
200 nm membranes, resulting in smaller and more uniform vesicles.
Therefore, the broader particle size range and higher PDI values
observed in our study may be attributed to the absence of an
extrusion step. Extrusion can reduce large vesicles, break down
multilamellar structures, and improve size homogeneity. Although
the particle size of the liposomal formulations varied widely from
155.2 to 850.8 nm, statistical analysis showed that the lecithin
amount, salicylic acid amount, and lecithin:cholesterol ratio had no
significant effect on particle size (p > 0.05). This wide variation may
therefore be attributed to formulation composition and process-
related factors. The absence of an extrusion or homogenization
step may have resulted in heterogeneous vesicle populations,
including small unilamellar vesicles, larger multilamellar vesicles,
and aggregated structures. Variations during thin-film hydration,
sonication efficiency, and sample dispersion before DLS analysis may
also have contributed to the broad size range.

The zeta potential values obtained in our study ranged from -28.55
+ 0.221 to -36.79 + 0.601 mV, indicating relatively high negative
surface charge and acceptable colloidal stability of the liposomal
formulations. Similar to the findings reported by Mi et al, the
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negative zeta potential values may be attributed to the interaction
between salicylic acid and phospholipid components within the
lipid bilayer (22). In addition, the incorporation of salicylic acid may
alter phospholipid arrangement and surface charge density, thereby
affecting vesicle stability. Compared with the study of Mi et al,, the
formulations developed in the present study exhibited comparable
or slightly higher negative zeta potential values, suggesting stronger
electrostatic repulsion and a lower tendency for particle aggregation.

Statistical analysis of the encapsulation efficiency results
revealed that both salicylic acid amount and lecithin:cholesterol
ratio had a significant positive effect on encapsulation efficiency
(p<0.05). Increasing the salicylic acid amount and increasing the
lecithin:cholesterol ratio from 2 to 4 enhanced the encapsulation
efficiency of the formulations. In particular, formulations containing
40 mg salicylic acid with a lecithin:cholesterol ratio of 4 (F-4 and
F-8) exhibited the highest encapsulation efficiency values of 37.69%
and 36.06%, respectively. Nevertheless, the encapsulation efficiency
values obtained in the present study were lower than those reported
by Mi et al. (~73%) and Chandwani et al. (41%-72%) for salicylic
acid-loaded liposomal systems (22, 23). These differences may be
attributed to variations in preparation methods, lipid composition,
drug-to-lipid ratio, and vesicle homogenization processes.

The process yields values of the liposomal formulations ranging
from 54.27% to 72.22%. Although statistical analysis indicated that
formulation parameters did not significantly affect process yield
(p>0.05), variations among formulations may be associated with
process-related factors occurring during liposome preparation and
post-processing steps. Material loss during thin-film formation,
hydration, transfer procedures, centrifugation, and lyophilization
may have contributed to reduced process yield in some formulations.

The observed positive correlation between encapsulation efficiency
and drug loading percentage further supports the effectiveness of
the selected formulation strategy. Although the process yield varied
among formulations, all values remained within an acceptable range
for laboratory-scale liposome production. Taken together, these
findings indicate that careful optimization of lipid composition
and drug concentration is essential for achieving liposomes with
balanced size, stahility, and loading properties. Based on the
overall characterization profile, formulation F-8 was identified as the
optimal system and selected for subsequent release, morphology,
and antimicrobial evaluation.

The lack of studies in the literature quantitatively evaluating
the antimicrobial activity of conventional salicylic acid-loaded
liposomes against C. acnes using standard MIC values further
enhances the originality of the present work. In the study by Miranda
etal. (2024), salicylic acid was formulated within nanostructured lipid
carriers (NLCs) and demonstrated growth inhibition against C. acnes
(ATCC® 6919™): however, standard antimicrobial parameters such as
the MIC and MBC were not reported, and antimicrobial efficacy was

assessed solely based on percentage growth inhibition (24). Similarly,
antibacterial activity against C. acnes has been reported for salicylic
acid-containing nanogels or supramolecular systems; however, in
most of these studies, efficacy was assessed based on percentage
inhibition or clinical improvement rather than quantitative MIC-
based comparisons (25, 26). In this context, the quantitative MIC
data generated in the present study using CLSI-compliant broth and
agar dilution methods are particularly significant, as they clearly
demonstrate the superiority of salicylic acid-loaded liposomes over
the free form.

In the SA-LIPO-ARB, complete inhibition was not achieved at a
concentration of 0.45 mg/mL; however, approximately 50% reduction
in bacterial growth was observed. This finding suggests that arbutin
does not act as a bacteriostatic agent against C. acnes per se
but rather exerts a partial inhibitory or supportive modulatory
effect. The literature indicates that arbutin is primarily recognized
for its tyrosinase inhibitory and antioxidant properties, while
evidence regarding its direct antibacterial activity remains limited
(6). Accordingly, the observation that the MICs, value was below 0.45
mg/mL in the present study suggests that arbutin may function as
a modulating component within the liposomal system, contributing
indirectly to the overall antimicrobial performance.

CONCLUSION

Overall, this study demonstrates that making salicylic acid within
liposomal carrier systems significantly enhances its antimicrobial
activity against C. acnes, enabling effective inhibition at lower
concentrations. This approach appears promising for clinical
applications, as it may reduce local irritation and limit reliance on
conventional antibiotics. Nevertheless, the in vitro nature of the
study represents a primary limitation, and the findings should be
further validated using biofilm models, in vivo experiments, and
clinical studies to confirm translational relevance.
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Abstract Objective: Ulcerative colitis is a relapsing inflammatory condition confined to the colonic mucosa in which persistent
immune activation is accompanied by oxidative damage and epithelial disruption. This study investigated whether sodium
phenylbutyrate (PBA) and suramin could mitigate these pathological changes in a mouse model of experimentally induced
colitis.

Materials and Methods: Following induction of colitis with dextran sulfate sodium (DSS), the efficacy of PBA and suramin
was evaluated by clinical disease activity and histological scoring. Using immunohistochemical and spectrophotometric
approaches, changes in proliferative activity, antioxidant enzymes, and oxidative stress indicators were analyzed. Western
blot analysis was performed to assess cytokine, cyclooxygenase-2, and active caspase-3 levels together with histone 3
lysine 9 trimethylation modification; signal transducer and activator of transcription (STAT)1, STAT3, and sirtuin (SIRT) gene
expression were quantified by quantitative reverse transcription-polymerase chain reaction (qRT-PCR).

Results: DSS aggravated oxidative stress and inflammatory responses while suppressing proliferative activity, anti-inflam-
matory signaling, and antioxidant defense systems in colon tissue. Treatment with PBA or suramin partially reversed these
alterations, improving redox balance and inflammatory status and modulating gene expression and histone modifications.

Conclusion: These results suggest that PBA and suramin exert protective effects against DSS-induced colitis through the
modulation of apoptosis, inflammation, and oxidative stress, supporting their potential therapeutic value in inflammatory
bowel diseases.
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INTRODUCTION

Ulcerative colitis is a relapsing inflammatory disorder of the
colon mucosa marked by sustained immune activation, epithelial
breakdown, and tissue damage, influenced by genetic susceptibility
as well as environmental factors including stress, alcohol, and
smoking. Although its pathogenesis is not fully elucidated,
increased pro-inflammatory cytokine production, oxidative stress,
and decreased antioxidant enzyme activity are key contributors
to disease development (1). Current therapies primarily offer
symptomatic relief rather than addressing the underlying causes,
and prolonged use of anti-inflammatory drugs may result in adverse
effects such as diabetes, hepatitis, and hepatotoxicity, underscoring
the need for new therapeutic strategies. Experimental colitis
triggered by dextran sulfate sodium (DSS) has become a standard
model, as it recapitulates key clinical and histopathological aspects
of human ulcerative colitis (2).

Histone deacetylase inhibitors (HDACi) induce chromatin relaxation
through increased histone acetylation, leading to altered gene
expression profiles that regulate immune responses and cellular
redox balance, including antioxidant and oxidative stress pathways.
Sodium phenylbutyrate (PBA), an orally bioavailable HDAC inhibitor,
attenuates inflammatory and oxidative stress responses, reduces
pro-inflammatory cytokine expression, upregulates glutathione
(GSH), and decreases reactive oxygen species (ROS) generation.
(3). Suramin, a class Il HDAC (Sirtuin: SIRTs) inhibitor, is also
used in the treatment of onchocerciasis and human African
trypanosomiasis and has been reported to attenuate inflammatory
damage by interfering with cytokine-receptor interactions and
reducing cytokine expression (4).

Ulcerative colitis is characterized by a complex interplay among
inflammatory signaling, oxidative stress, impaired epithelial
regeneration, and epigenetic dysregulation. These processes are
closely interconnected through signaling pathways, such as signal
transducer and activator of transcription (STAT)1/STAT3, and
epigenetic regulators, including SIRTs and histone modifications,
which collectively influence inflammatory gene expression, epithelial
homeostasis, cellular survival, and antioxidant defense (5, 6). Since
HDAC inhibitors can modulate both intracellular signaling pathways
and epigenetic mechanisms, an integrated assessment of molecular,
biochemical, and histopathological alterations may provide a more
comprehensive understanding of the therapeutic mechanisms of
PBA and suramin in DSS-induced colitis.

The protective mechanisms of PBA in experimental colitis are still
not completely understood. In addition, the impact of suramin in
this model has not been extensively studied. The aim of this study
was to comparatively evaluate the therapeutic potential of sodium
phenylbutyrate and suramin by assessing their effects on colon
morphology, cell proliferation, histone modifications, inflammatory
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mediators, oxidative stress, and antioxidant defenses in DSS-
induced colitis.

MATERIALS AND METHODS

In vivo Experimental Model

Ethical approval for all animal experiments was obtained from the
Local Ethics Committee for Animal Experiments of Istanbul University
(25.02.2016; No: 07). Forty-eight male C57BL/6 mice (20-25 gram and
8-10 weeks) were included in the study. Randomization was used to
assign the animals to six groups. Twenty-four hours after the final
administration, anesthesia was induced with sodium pentobarbital
(150 mg/kg). Mice were exposed to 3% (w/v) DSS (36,000-50,000
Da; MP Biomedicals, California, USA) provided in the drinking water
over five days as a means of inducing acute colitis; the solution was
prepared daily in sterile autoclaved tap water based on previous
protocols (7). Body weight and fluid intake were recorded daily, and
injections were administered at a fixed time each day, 0.1 mL per day.
The experimental design is summarized in Figure 1. Forty-eight mice
were randomly assigned to six groups (n=8 per group): Control, PBA,
suramin, DSS, PBA + DSS, and suramin + DSS. Control animals received
sterile drinking water, whereas colitis was induced by administration
of 3% DSS starting on day 3 and continuing for 5 days. PBA and
suramin treatments were initiated on day 1 and administered once
daily throughout the 7-day experimental period according to the
protocol shown in Figure 1. All injections were performed at the same
time each day. Twenty-four hours after the final treatment, mice
were anesthetized and colon tissues were collected for subsequent
analyses.

Assessment of Changes in Body Weight Percentage and
Colon Length

Mice body weight was recorded daily at a consistent time, and
percentage weight change was calculated relative to baseline. On
the final day, colons were excised under anesthesia, cleared of fecal
content, and measured for statistical analysis.

Determination of Disease Activity Index

Disease activity index (DAI) was used for the clinical evaluation of
colitis, as described by Cooper et al. (2) (maximum score: 4). Scores
were recorded daily in DSS-treated mice, and animals with a final DAI
of >3 were considered colitis.

Histopathologic Evaluation

Colon tissue samples were fixed in Bouin’s solution prior to paraffin
embedding. After sectioning at 5 pm, the slides were stained
with hematoxylin and eosin (H&E). Histopathological evaluation
was conducted using light microscopy (Olympus BX53F, Olympus
Corporation, Japan), and images were acquired with a digital imaging
system (DP27-CU). Histological damage was assessed according to
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Figure 1. Schematic diagram of experimental design according to groups. PBA: phenylbutyrate; DSS: dextran sulfate sodium; PBS: phosphate buffered saline.

Dieleman et al. (8) (Table 1). Histopathological scoring was performed
independently by two observers. Multiple microscopic fields from
each tissue section were examined before assigning the final
histological score.

Table 1. Colitis scoring system developed by Dieleman et al. (8)

Feature graded Grade Description
0 None
) ) 1 Slight
Severity of Inflammation
2 Moderate
3 Severe
0 None
1 Mucosa
Spread of inflammation
2 Mucosa and submucosa
3 Transmural
0 None
1 Basal 1/3 damaged
Crypt damage 2 Basal 2/3 damaged
3 Only surface epithelium intact
4 Entire crypt and epithelium lost
1 1-25%
2 26-50%
Percent involvement
3 51-75%
4 76-100%

Immunohistochemical Analysis

Following fixation in 10% buffered formalin, colon tissues were
paraffin-embedded, sectioned at 4 pm, and analyzed for cell
proliferation by Ki-67 immunostaining using the streptavidin-biotin-
peroxidase method, with Mayer's hematoxylin as a counterstain. The
proliferation index was determined by counting 1000 cells in at least
five randomly selected, non-overlapping high-power fields (x400
maghnification) from each section and expressed as a percentage.
Ki-67-positive cells were independently evaluated by two observers.

Biochemical Analyses

Colon tissues were homogenized in physiological saline (0.9%
sodium chloride solution) (10 mL/g), centrifuged at 4°C, 10,000
x g for 20 minutes, and the supernatants were collected
for spectrophotometric analyses. Total protein was quantified
by the Lowry assay (9) using bovin serum albumin (BSA)
as a reference standard. Oxidative stress parameters, including
malondialdehyde (MDA) (10), and GSH (11), as well as antioxidant
enzymes catalase (CAT) (12), glutathione peroxidase (GPx) (13), and
superoxide dismutase (SOD) (14), were determined using established
biochemical assays.

ELISA

Colon tissue samples (25 mg) were homogenized in 500 pL of lysis
buffer and centrifuged at 1500xg for 15 minutes. Myeloperoxidase
(MPO) levels were determined using a mouse-specific sandwich
ELISA kit (HK210, Hycult Biotech, Netherlands). All ELISA samples were
analyzed in duplicate, and the mean of the duplicate measurements
was used for statistical analysis. Optical density was measured at 450
nm, and concentrations were derived from a standard curve.

Western Blotting

Western blotting was used to analyze the protein levels of
tumor necrosis factor-a (TNF-0), interleukin (IL)-1B, IL-6, IL-10,
cyclooxygenase-2 (COX-2), caspase-3, and Histone H3 Lysine
9 trimethylation (H3K9me3) in colon tissues. Tissues were
homogenized in radioimmunoprecipitation assay (RIPA) buffer (with
protease inhibitor cocktail) (Thermo Fisher Scientific, USA). The
Bradford assay was used to determine protein concentrations (15).
Electrophoresis was performed on 4-12% Bis-Tris gels (Thermo
Fisher Scientific, USA), followed by dry transfer. Blocking was
carried out with 5% BSA in tris-buffered saline, 01% tween-20
(TBST), and antibody dilutions were prepared with 1% BSA in TBST.
Protein expression levels were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) by densitometric analysis.
Antibody dilutions and catalogue numbers are provided in Table 2.
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Table 2. Primary and secondary antibodies used in Western blot analysis and their
dilution rates

Antibody Brand / Catalog No. Dilution
Caspase-3 NOVUS / NB100-56113 11000
IL-10 Boster / A00021 1:250

IL1B NOVUS / NB600-633 1:1000
IL-6 Boster / A00102-2 1:250

TNF-a Abcam / ab9739 11000
COX-2 NOVUS / NB100-689 11000
GAPDH Santa Cruz / sc-25778 11000
H3K9me3 Millipore [ 07-442 11000
H3 Thermo Fisher / PA516183 1:2000
Goat anti-rabbit I1gG-HRP Santa Cruz / sc2030 1:5000

Quantitative Reverse Transcription-Polymerase Chain
Reaction

Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) was performed to evaluate the expression of STAT? and 3,
SIRT 1, 2, 3, and 5 using the BioLine SensiFast™ SYBR® No-Rox Kit
(Bioline, London, UK) on a LightCycler® 480 Instrument Il (Roche
Diagnostics, Germany). Table 3 summarizes the primer sequences
and annealing temperatures used in this study. B-actin was used
as the reference gene for normalization of gene expression levels.
No-template controls (replacing cDNA with water) were included in
each run. All samples were analyzed in triplicate, and mean Ct values
were calculated. Relative mRNA levels were quantified using the
AACt method (16), and the results were expressed as fold changes
normalized to the control group.

Table 3. Primers used qRT-PCR analysis of STAT pathway and histone deacetylase genes
and their corresponding annealing temperatures

Forward (5'-3")

Reference
Reverse (5'-3")

Gene name Ta (°C)

F: GACTTCAGACACAGAAATCAACTC
STAT1 57 a7)
R: TTGACAAAGACCACGCCTT

F: CATGTCAAACGTGAGCGACT
STAT3 57 (7)
R: GGAAATAACGGTGAAGGTGCT

F: CCTTTCAGAACCACCAAAGC
SIRTT 58 (18)
R: TCCCACAGGAGACAGAAACC

F: GGCAGAGATGGACTTCCTGA
SIRT2 60 (18)
R: TGTAGCGTGTCACTCCTTCG

F: CAGCTACATGCACGGTCTGT
SIRT3 58 (18)
R: AGATCTGCCAAAGCGAAGTC

F: TGGAAATCCACGGAACCTTA
SIRTS 57 (18)
R: GGATTCTGGCGTCTTGAGTC

. F: GGGAATGGGTCAGAAGGACT
B-Actin 60 (19)
R: CTTCTCCATGTCGTCCCAGT
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Statistical Analysis

Data were analyzed using SPSS 23.0 software (SPSS Inc., Chicago, IL,
USA). DAl was assessed using Kruskal-Wallis and Mann-Whitney U
tests, whereas other variables were evaluated by one-way ANOVA
with independent t-tests for multiple comparisons. Results are
reported as mean + standard error (SE) of the mean. Values less than
p<0.05 were considered statistically significant.

RESULTS

Body Weight and Colon Length Alterations in Mice with
Acute Colitis

Percentage body weight changes on day 8 are presented in Figure
2A, and statistical comparisons are detailed in the figure legend.
Body weight showed a reduction in the DSS group relative to the
control group, whereas both the PBA+DSS and suramin+DSS groups
showed an increase relative to the DSS group. Colon length data
are presented in Figure 2B, and statistical comparisons are provided
in the figure legend. Colon length was reduced in the DSS group
compared with the control group. In the PBA+DSS group, colon
length remained lower than that of the control and PBA groups but
increased compared with the DSS group. In the suramin+DSS group,
colon length was reduced compared with both the control and
suramin groups.

DAI Score Findings

The 5-day changes in DAI following DSS treatment are presented
in Figure 2C, and statistical comparisons are provided in the figure
legend. DAl values were persistently elevated in the DSS group across
all time points relative to controls. Similarly, both the PBA+DSS and
suramin+DSS groups exhibited elevated DAI levels compared with
controls throughout the observation period, although the magnitude
of the increase varied over time. In contrast, DAl values were reduced
in the PBA+DSS group compared with the DSS model group on days 4
and 5. A comparable reduction was also observed in the suramin+DSS
group relative to the DSS group at the time points.

Histopathological Findings

Histological colitis scores (Figure 2D) were increased in the DSS group
versus controls, whereas both the PBA+DSS and suramin+DSS groups
showed reductions relative to the DSS group. Statistical comparisons
are provided in the figure legend. Control colons exhibited normal
histology (Figure 2E). PBA and suramin alone largely preserved
normal tissue morphology with minimal inflammatory infiltration. In
contrast, DSS treatment induced marked histopathological damage,
including inflammatory cell infiltration, epithelial disruption, crypt
loss, and mucosal edema. Both PBA+DSS and suramin+DSS groups
showed clear histological improvement, with reduced tissue injury

_
e
Experimed, 16 (2):137-147  [[Je Y} 140



Role of PBA and Suramin in Ulcerative Colitis | Ozal-Coskun et al., 2026

»
J
=
D s
o0
=
<
S
-
< E Control
2 .
g s
1
Zz . ——
3
)
.
Control PBA Suramin DSS DSS+PBA  DSS+Suramin
-
£
S
£
oo
=
£
-
=
=
=3
9
Control PBA Suramin DSs DSS+PBA  DSS+Suramin
c 4
¥ 35 moss
<
= BDSS+PBA
3
'5 O Dss+Suramin
£
E
£
“
<
»
£3
w
«
£3
P
A
3
S
g
2
k=
=
2
<
g
%
)
=3
E
2
=
F Control PBA Suramin DSs DSS+PBA  DSS+Suramin
_
s
S
<
w
% a
£ bhm
=
g |
= b,Lm
=
Z
B
= <
2
5]
S
Control PBA Suramin DSs DSS+PBA  DSS+Suramin

Figure 2. Findings regarding body weight change (A), colon length (B), disease activity index (C) in experimental groups. Alteration in histological colitis score among the groups
(D) Hematoxyline & Eosin (H&E) staining in distal colon sections of the mice in different groups. Inflammatory cell infiltration (), epithelial loss (>), necrosis (*), vacuolar
hydropic degeneration in crypt cells (=), diffuse crypt loss (=) and submucosal edema (>). Scale bar is 200 um (E). Proliferation in colon mucosa. Graph (F) represents changes
in cell proliferation index (%) among the groups the index was obtained by Ki-67 immunohistochemistry in the colon tissue of mice (G). Proliferating cells marked with (m»).
Scale bar is 50 pm. Images of H&E-stained colon tissue were captured at 100X for overall histology, while Ki-67 sections were shown at 400X to clearly visualize proliferative
cells. The data were presented as mean + standard error (SE). a: (p<0.05) vs control group; b: (p<0.01) vs control group; ¢: (p<0.001) vs control group; d: (p<0.05) vs PBA group; e:
(p<0.01) vs PBA group; f: (p<0.001) vs PBA group; g: (p<0.05) vs Suramin group; h: (p<0.01) vs Suramin group; 1: (p<0.001) vs Suramin group; j: (p<0.05) vs DSS group; k: (p<0.01) vs
DSS group; m: (p<0.001) vs DSS group. All statistical tests were performed using ANOVA/t-test, only Kruskal-Wallis, and Mann-Whitney U for E figure. PBA: phenylbutyrate; DSS:
dextran sulfate sodium.

and preservation of colon morphology compared with DSS-treated Immunohistochemical Findings

animals. ) ) . . L N
Ki-67 immunohistochemical staining is presented in Figure 2G,

and the proliferation index (%) is shown in Figure 2F. Statistical
comparisons are provided in the figure legend. The proliferation

Experimed, 16 (2): 137-147



GSH (nmol/mg protein)
MDA ( nmol/mg protein)

I'

Control PBA

Control PBA Suramin DSS DSS+PBA  DSS+Suramin

»

»
" k
'.- |
; .

c
Control PBA DS$ DSS+PBA  DSS+Suramin

GPx (U/min/g protein)
CAT (U/min/mg protein)

Suramin Control PBA

Suramin DSS

b

Suramin

Role of PBA and Suramin in Ulcerative Colitis | Ozal-Coskun et al., 2026

I

-
£

@

2

5

-

2

o0

E

w K
£

£

]

=] bem

I e——— —
.
DSS+Suramin Control PBA Suramin DSS DSS+PBA DSS+Suramin

1

b
Control PBA Suramin DSS

DSS+PBA

SOD (U/mg protein)

DSStPBA  DSS+Suramin

DSS DSS+PBA

DSS+Suramin

Figure 3. Changes in oxidative stress and antioxidant enzyme activities in the mouse colon homogenates of experimental groups. A dramatic decrease in the GSH level of the
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GPx, CAT and SOD enzyme activities were decreased when DSS was treated but their activities elevated when PBA and suramin were injected. The data were presented as mean
+ standard error (SE). a: (p<0.05) vs control group; b: (p<0.01) vs control group; c: (p<0.001) vs control group; d: (p<0.05) vs PBA group; e: (p<0.01) vs PBA group; f: (p<0.001) vs PBA
group; g: (p<0.05) vs suramin group; h: (p<0.01) vs suramin group; 1: (p<0.001) vs suramin group; j: (p<0.05) vs DSS group; k: (p<0.01) vs DSS group; m: (p<0.001) vs DSS group. All
statistical tests were performed using ANOVA/t-test. PBA: phenylbutyrate; DSS: dextran sulfate sodium; GSH: glutathione; MDA: malondialdehyde; MPO: myeloperoxidase; GPx:

glutathione peroxidase; CAT: catalase; SOD: superoxide dismutase.

index was reduced in the DSS and PBA groups compared with
controls, while no significant alteration was detected in the
suramin group. In the PBA+DSS group, Ki-67-positive cells decreased
compared with the control and PBA groups but increased compared
with DSS. Similarly, the suramin + DSS group showed reduced
proliferation compared with the control and suramin groups, yet an
increase relative to DSS.

Biochemical Findings

The biochemical findings from colon tissue homogenates are
presented in Figure 3, and statistical comparisons are provided in
the figure legend. GSH levels and the activities of GPx, CAT, and
SOD decreased in the DSS group versus the control group. In both
the PBA+DSS and suramin+DSS groups, GSH levels and antioxidant
enzyme activities increased relative to the DSS group. GPx activity
in the suramin+DSS group remained lower than that in the suramin
group. CAT activity increased in the suramin group versus control,
whereas the increase observed in the PBA group did not reach
statistical significance. SOD activity in the PBA+DSS group increased
above the levels observed in both the control and PBA groups. MDA
levels increased markedly in the DSS group and decreased in the
PBA+DSS and suramin+DSS groups, although these reductions were
not statistically significant.

ELISA Analysis Findings

The distribution of MPO levels in colon tissue is presented in Figure
3, and statistical comparisons are provided in the figure legend.
MPO levels increased markedly in the DSS group relative to the

control group. In both the PBA+DSS and suramin+DSS groups, MPO
levels decreased significantly relative to the DSS group. However,
MPO levels in the suramin+DSS group remained higher than those
observed in the suramin and control groups.

Western Blotting Analysis Findings

The results are presented in Figures 4 and 5, and statistics are
reported in the figure legends. Active caspase-3 levels increased
across all experimental groups relative to the control group, with the
most pronounced elevation observed in the DSS group. In both the
PBA+DSS and suramin+DSS groups, active caspase-3 levels decreased
relative to the DSS group.

TNF-alpha, IL-1B and IL-6 levels increased markedly following DSS
treatment and were reduced in both PBA+DSS and suramin+DSS
groups. In contrast, IL-10 levels were lowest in the DSS group and
increased after administration of PBA or suramin. IL-10 expression
also increased in the PBA and suramin groups compared with
controls, with the highest level observed in the suramin + DSS group.

COX-2 expression increased in all experimental groups relative to
controls and reached its maximum in the DSS group. Both PBA and
suramin attenuated this increase in DSS-treated mice.

H3K9me3 modification (Figure 5) decreased in the DSS group
compared with controls. H3K9me3 levels increased in the PBA group,
whereas no significant change was observed in the suramin group.
In DSS-treated mice, both PBA and suramin increased H3K9me3
expression relative to the DSS group, with the highest level detected
in the PBA+DSS group.
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Figure 4. Changes in the level of COX-2 and active caspase-3, and cytokine expressions in different experimental groups analyzed by western blotting. COX-2 and active caspase-3
level increased when DSS was treated in animals but their levels were reversed when PBA and suramin were injected. Analog patterns were also observed in the expression levels
of TNF-0, IL-1B and IL-6. The expression of IL-10, an anti-inflammatory cytokine, reduced when DSS was treated in animals but its level was increased in PBA and suramin-injected
animals. The data were presented as mean + standard error (SE). a: (p<0.05) vs control group; b: (p<0.01) vs control group; c: (p<0.001) vs control group; d: (p<0.05) vs PBA group;
e: (p<0.01) vs PBA group; : (p<0.001) vs PBA group; g: (p<0.05) vs suramin group; h: (p<0.01) vs suramin group; I: (p<0.001) vs suramin group; j: (p<0.05) vs DSS group; k: (p<0.01) vs
DSS group; m: (p<0.001) vs DSS group. All statistical tests were performed using ANOVA/t-test. PBA: phenylbutyrate; DSS: dextran sulfate sodium; COX-2: cyclooxygenase-2; TNF-a:
tumor necrosis factor-a; IL: interleukin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Quantitative RT-PCR Findings

The results of STAT? and 3, SIRTY, 2, 3, and 5 mRNA expression in
colon tissue are presented in Figure 6, and statistical comparisons
are provided in the corresponding figure legends.

STATT expression was reduced in all experimental groups compared
with controls, with the lowest level observed in the DSS group (81%
decrease). STATT expression was increased in the PBA+DSS group
compared with the DSS group, while a slight decrease was observed
in the suramin+DSS group relative to the control group.

Amongall groups, the highest level of STAT3 expression was observed

in the PBA group (2.62 times) when compared to the control group.

STAT3 was also increased in DSS, PBA+DSS, and suramin+DSS groups
versus controls. Compared with the DSS group, STAT3 expression
decreased inthe PBA group butincreased further in the suramin+DSS
group.

SIRT1 expression was increased in the DSS group (2.67-fold), whereas
it decreased in the suramin group (48%). Both the PBA+DSS and

suramin+DSS groups showed reduced SIRTT expression compared
with DSS.

SIRT2 expression was reduced in the suramin group relative to the
control group (90%), whereas it increased in the DSS group relative
to controls. Both PBA+DSS and suramin+DSS groups also showed
decreased SIRT2 expression relative to DSS.

SIRT3 expression was decreased in the sodium phenylbutyrate and
suramin groups compared with controls (44% and 58%, respectively),
whereas it showed a slight increase in the DSS, PBA+DSS,
and suramin+DSS groups compared with controls. However, both
treatment groups showed reduced SIRT3 expression compared with
DSS.

SIRT5 expression was increased in the DSS group relative to controls
(144-fold), while both PBA+DSS and suramin+DSS groups showed
decreased SIRT5 expression relative to DSS (55.55% and 48.61%,
respectively).

Experimed, 16 (2): 137-147




<«
@
g

Control
Suramin

w
@
a8

Role of PBA and Suramin in Ulcerative Colitis | Ozal-Coskun et al,, 2026

DSS+PBA
DSS+Suramin

0.8

0.7

0.6

0.5

0.4

0.2

0.1

H3K9Me3 expression (AU)

PBA

Control Suramin

DSS DSS+PBA  DSS+Suramin

Figure 5. Alterations in H3K9me3 expression levels in colon tissues of experimental groups. DSS treatment reduced H3K9me3 expression but its expression improved when PBA
and suramin were injected. The data were presented as mean + standard error (SE). a: (p<0.05) vs control group; b: (p<0.01) vs control group; ¢: (p<0.001) vs control group; d:
(p<0.05) vs PBA group; e: (p<0.01) vs PBA group; f: (p<0.001) vs PBA group; g: (p<0.05) vs suramin group; h: (p<0.01) vs suramin group; I: (p<0.001) vs suramin group; j: (p<0.05) vs DSS
group; k: (p<0.01) vs DSS group; m: (p<0.001) vs DSS group. All statistical tests were performed using ANOVA/t-test. PBA: phenylbutyrate; DSS: dextran sulfate sodium; H3K9me3:

histone H3 Lysine 9 trimethylation.

DISCUSSION

The DSS model of colitis is extensively used because it closely
mimics human ulcerative colitis, reproducing both clinical signs
and histopathological changes, including mucosal ulceration, crypt
loss, inflammatory cell infiltration, and necrosis (20). Five-day
exposure to 3% (w/v) DSS resulted in acute colitis in C57BL/6
mice, in agreement with previous reports, as reflected by
clinical manifestations, elevated DAl scores, colon shortening, and
characteristic histopathological changes (21).

HDACi reduce inflammation by modulating T cells, macrophages,
and cytokine signaling involved in colonic inflammation (22). In
DSS colitis models, PBA administered intraperitoneally or orally has
been shown to attenuate disease severity by reducing DAl scores,
preventing colon shortening, decreasing inflammatory cytokines,
and improving histopathological damage (23). Consistent with these
findings, treatment with PBA (150 mg/kg for 7 days) reduced DSS-
induced colitis, as evidenced by lower DAl scores and preservation
of colon length. Similarly, suramin at 25 mg/kg significantly reduced
DSS-induced disease severity and DAl scores. Suramin modulates
nerve excitability and intestinal motility; however, its effects in DSS-
induced colitis remain largely unexplored.

Imbalance in the regulation of epithelial cell turnover in the colon
contributes to epithelial barrier disruption in ulcerative colitis (24).
In this study, DSS exposure significantly decreased epithelial cell

proliferation while increasing apoptosis compared with controls.
Although HDACI are generally associated with anti-proliferative
effects in cancer models and PBA has been reported to suppress
proliferation in oncological settings (25), in the present colitis model,
PBA increased colonic cell proliferation and reduced caspase-3
expression, suggesting a protective effect on epithelial integrity
by limiting apoptosis. Previous studies have demonstrated that
suramin exerts antiproliferative effects in cancer cell lines (26), but
its effects in ulcerative colitis are not well defined. Here, suramin
further enhanced epithelial proliferation, reduced apoptosis more
effectively than PBA, and resulted in a higher proliferation index
compared with PBA.

Oxidative stress, largely driven by ROS generated by neutrophils
and macrophages, plays a key role in the initiation and progression
of ulcerative colitis. In DSS-induced colitis, elevated ROS levels
and reduced antioxidant enzyme activities have been reported
(27), which is consistent with the present findings. PBA has been
shown to attenuate oxidative damage by reducing ROS generation
and inflammatory cytokine expression (28). However, data on the
effects of sodium phenylbutyrate and suramin on oxidative stress
remain limited. In this study, both PBA and suramin decreased
myeloperoxidase and malondialdehyde levels while increasing GSH
levels and SOD, GPx, and CAT activities, indicating antioxidant effects.
Suramin induced greater increases in CAT and GPx activities than
PBA, suggesting a more pronounced effect on H,0, detoxification,
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Figure 6. mRNA expressions of STAT1, STAT3, SIRT1, SIRT2, SIRT3 and SIRT5 genes based on gRT-PCR analysis of mouse colon tissues in different experimental groups. While DSS
treatment decreased STATT mRNA level, PBA injection markedly increased STATT mRNA level. STAT3 mRNA level decreased in the DSS group when PBA injection decreased its level
but suramin injection increased its level in DSS-treated mice. SIRT1, SIRT2, SIRT3 and SIRT5 mRNA levels were elevated in the DSS-treated group but PBA and suramin injection in
DSS-treated mice decreased their levels significantly. The data were presented as mean + standard error (SE). a: (p<0.05) vs control group; b: (p<0.01) vs control group; ¢: (p<0.001)
vs control group; d: (p<0.05) vs PBA group; e: (p<0.01) vs PBA group; f: (p<0.001) vs PBA group; g: (p<0.05) vs suramin group; h: (p<0.01) vs suramin group; I: (p<0.001) vs suramin
group; j: (p<0.05) vs DSS group; k: (p<0.01) vs DSS group; m: (p<0.001) vs DSS group. All statistical tests were performed using ANOVA/t-test. PBA: phenylbutyrate; DSS: dextran

sulfate sodium; STAT: signal transducer and activator of transcription; SIRT: sirtuin.

whereas PBA exerted a stronger effect on increasing GSH levels and
SOD activity. Although differences in MDA reductions between groups
were not statistically significant, both treatments improved oxidative
stress parameters compared with the DSS group.

Cytokines are essential regulators of inflammatory processes,
including their initiation, progression, and resolution (29). PBA has
been shown to attenuate inflammation through the inhibition of
pro-inflammatory cytokine expression (23). Likewise, suramin has
been reported to reduce TNF-a and IL-6 levels in a hepatotoxicity
model (30). In this study, suramin reduced TNF-a, IL-18 and IL-6
levels while increasing IL-10 levels in the DSS model group. Overall,
suramin demonstrated a stronger anti-inflammatory effect than
PBA, with greater suppression of pro-inflammatory cytokines and
enhancement of [L-10 in DSS-induced colitis.

COX-2 is an enzyme involved in mucosal repair and prostanoid
synthesis, and its expression is induced by cytokines such. In

ulcerative colitis, increased IL-1, IL-6, and TNF-a levels are associated
with upregulated COX-2 expression, which is also elevated in the DSS-
exposed group relative to the control group (31). Consistently, COX-2
expression was significantly increased in DSS-treated mice in this
study. However, no previous studies have evaluated the effects of
PBA or suramin on colon COX-2 expression in ulcerative colitis. Here,
both agents reduced COX-2 expression close to control levels, with
comparable effects between the two treatments.

Epigenetic mechanisms, particularly histone modifications, regulate
inflammatory responses in a context-dependent manner. H3K9me3
promotes heterochromatin formation and limits transcription factor
access to promoters, including NF-kB binding to the IL-6 promoter,
and has been associated with the regulation of proinflammatory
genes (32). However, H3K9me3 has not yet been investigated in the
DSS colitis model. In this study, H3K9me3 levels were decreased
in experimental colitis induced by DSS, consistent with increased
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inflammatory activity. Treatment with PBA and suramin increased
H3K9me3 levels reduced by colitis. These findings suggest that
both agents may enhance heterochromatin formation and suppress
proinflammatory gene expression through epigenetic regulation.
Since epigenetic changes do not always directly correlate with gene
activity or disease severity, further studies are required to clarify
their role in colitis and therapeutic potential.

STAT activation has been identified as a potential biomarker
in intestinal inflammatory diseases, with the STAT1/3 pathway—
particularly STAT3 upregulation—proposed as a therapeutic target
and marker of T cell activation (33).

The present findings showed reduced STAT?1 expression and
elevated STAT3 expression in DSS-induced colitis. PBA increased
STAT1 expression and modestly decreased STAT3, whereas suramin
did not influence STATT but enhanced STAT3 expression. Given
the established role of phosphorylated STATT and STAT3 in
ulcerative colitis, the observed changes in STATT and STAT3 mRNA
expression may indicate modulation of STAT signaling. However,
further mechanistic studies, including protein expression and
phosphorylation analyses, are needed to establish their functional
significance. HDACi have been reported to improve colitis outcomes
by enhancing histone acetylation and modulating inflammatory
signaling, including STAT1/3 activity (34). Additionally, altered
expression of SIRT1, 2, 3, and 5 has been reported in ulcerative
colitis, with SIRTT dysregulation linked to sustained inflammation
and oxidative stress. SIRT modulation has also been shown to
reduce colitis models (35). In this study, DSS increased SIRTI, 2,
3, and 5 expression, while both PBA and suramin reduced these
elevations. Notably, suramin demonstrated greater efficacy than PBA
in suppressing the expression of SIRT genes in DSS-induced colitis.

Overall, the present findings support the proposed therapeutic
potential of PBA and suramin in DSS-induced colitis by
demonstrating concurrent improvements in histopathological,
biochemical, and molecular parameters. The observed attenuation
of oxidative stress and inflammatory responses, together with the
modulation of HDAC-related molecular pathways, including STAT
signaling, SIRTs, and histone modifications, suggests that these
mechanisms collectively contribute to the protective effects of both
agents rather than acting through a single molecular target.

Conclusion

Collectively, these findings suggest a previously unrecognized
role of suramin in DSS-induced experimental colitis. Both
sodium phenylbutyrate and suramin exerted antioxidant and anti-
inflammatory effects and were associated with epigenetic changes
in a colitis model.

Both agents exhibited cytoprotective effects in colonic tissue
by maintaining the proliferative-apoptotic balance, enhancing
endogenous antioxidant defenses, and modulating inflammatory
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responses through suppression of pro-inflammatory cytokines.
These combined antioxidant, epigenetic, and immunomodulatory
effects suggest that PBA and suramin may represent promising
therapeutic candidates for inflammatory diseases associated with
oxidative stress.
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Abstract Objective: Laryngeal cancer is an aggressive malignancy in which immune regulatory mechanisms play a critical role in
tumor progression and recurrence. The OX40/0X40L axis, a member of the tumor necrosis factor superfamily, has been
implicated in immune modulation; however, its genetic and soluble profiles in laryngeal cancer remain insufficiently
characterized. Beyond cancer susceptibility, the clinical relevance of 0X40/0X40L alterations in recurrence biology remains
poorly understood.

Materials and Methods: In this study, we investigated the distribution of OX40 rs17568 and OX40L rs1234313 polymorphisms
and evaluated their association with serum soluble OX&0 (sOX40) and OX40L (sOX40L) levels in 80 patients with laryngeal
cancer and 111 healthy controls. Genotyping was performed using polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP), and soluble protein levels were quantified by enzyme-linked immunosorbent assay (ELISA).
Results: No significant differences in serum sOX40 or sOX40L levels were observed between patients and controls. While
0X40 rs17568 genotype distributions were comparable between groups, a significant difference was detected for OX40L
rs1234313, with homozygous genotypes (AA and GG) being more frequent in laryngeal cancer patients (p=0.007). Although
genotype distributions were not associated with clinicopathological parameters, circulating sOX40 levels were significantly
higher in patients with disease recurrence than in those without recurrence (p=0.008).

Conclusion: The findings suggest that alterations in the OX40/0X40L axis may be associated with immune dysregulation
during disease progression rather than cancer initiation in laryngeal cancer. Particularly, elevated circulating sOX40 levels
were associated with disease recurrence. Given the cross-sectional and exploratory nature of the study, these findings
should be interpreted with caution and require validation in larger prospective cohorts.
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INTRODUCTION

Laryngeal cancer is the most common malignancy among head
and neck cancers, and its origin is generally the mucosal layer.
At the same time, squamous cell carcinoma is the most common
and well-differentiated histological subtype (1). Although laryngeal
cancer accounts for 0.7% of newly diagnosed cancer cases and
0.6% of mortality, the number of cases continues to increase due
to increased air pollution, alcohol, and tobacco use (2, 3). Although
surgical intervention, antineoplastic agents, and radiotherapy are
effective treatment approaches in early-stage laryngeal cancer,
even multimodal approaches combining these strategies may be
inadequate in advanced-stage cases (4).

Recent research has shown that the molecular processes of
cancer are influenced not only by tumor cells but also
by the surrounding tissues and cells (5). Therefore, modern
therapeutic strategies have increasingly targeted these micro-
environmental factors that influence the initiation and progression
of cancer. Tumor development and metastasis are influenced
by components of the dynamic tumor microenvironment. This
microenvironment facilitates tumor cell immune evasion and
contributes to the development of treatment resistance. Although
some pathophysiological mechanisms in laryngeal cancer remain
unclear, critical relationships between molecules involved in
immune modulation and genetic variants have been identified (6, 7).

In humans, 29 receptors belonging to the tumor necrosis factor
(TNF) receptor superfamily (TNFRSF), which play a role in regulating
immune responses, have been identified. Nineteen ligands that
interact with these receptors are classified as the members of the
TNF ligand superfamily (TNFSF) and contribute to the initiation
of costimulatory signaling in the immune system by activating
their corresponding receptors (8). One such ligand-receptor pair,
OX40 (TNFRSF4) and its ligand OX40L (TNFSF4), plays a crucial role
in immune cell interactions. OX40L is a type Il transmembrane
protein encoded by the TNFSF4 gene and is expressed in various
immune cells, such as dendritic cells, macrophages, and T and
B lymphocytes. When it binds to its receptor, OX40, immune
cell activation is triggered (9). The OX40 (TNFRSF4) and OX40L
(TNFSF4) genes are located in chromosomal regions 1p36 and 125,
respectively. OX40 encodes a protein comprising 277 amino acids with
a molecular weight of approximately 29.3 kDa, while OX40L encodes
a protein comprising 183 amino acids with a molecular weight of
approximately 21 kDa (10, 11).

The inhibitory effects of anti-OX40 agonistic monoclonal antibodies
on the development of both immunogenic and non-immunogenic
solid tumors have been demonstrated in various studies (12,
13). These antibodies are the focus of many early-phase clinical
trials aimed at evaluating their potential as immunotherapeutic
agents for various malignancies, including head and neck cancers
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(12, 14). Single-nucleotide polymorphisms (SNPs) have significant
effects on disease susceptibility, etiology, and treatment response.
The precise clinical identification of SNPs provides critical insights
for personalized treatment strategies and prognostic evaluations,
making them fundamental components of modern biomedical
research (15). Genetic variation studies on the OX40/0X40L axis
have found associations with many chronic diseases, including
systemic sclerosis, atherosclerosis, myocardial infarction, asthma,
and cancers (10, 16-20). Especially for OX40L, potential roles in
pathophysiological processes in head and neck cancers, bladder
cancer, and breast cancer have been shown in studies (18, 21-23).
Among the reported variants, 0X40 rs17568 and OX40L rs1234313
were selected because of their potential functional relevance
and previous associations with immune-mediated diseases and
malignancies. The OX40 rs17568 polymorphism is a nonsynonymous
coding variant that may influence receptor structure or downstream
signaling, thereby affecting T-cell activation and immune regulation.
In contrast, OX40L rs1234313 is located within the regulatory region
of the TNFSF4 gene and has been suggested to influence gene
transcription and OX40L expression. Both polymorphisms have been
investigated in autoimmune diseases, cardiovascular disorders, and
several solid tumors, suggesting that genetic variation within the
OX40/0X40L signaling pathway may contribute to altered immune
surveillance and disease susceptibility. These observations provided
the biological rationale for evaluating these variants in patients with
laryngeal cancer. In this context, the potential therapeutic effects
of genetic variants and their prognostic and predictive value will
support an individualized treatment approach (24). For example, our
study aims to examine the distribution of OX40 rs17568 and OX40L
rs1234313 genetic variants along the OX40/0X40L axis, their effects on
soluble levels, and their correlation with clinicopathological findings
in laryngeal cancer. Although the OX40/0X40L axis is known to play a
role in immune regulation and has been studied in various cancers,
its genetic and soluble immunoprofile in laryngeal cancer is still
not well understood. OX40/0X40L alterations specifically associated
with disease recurrence in laryngeal cancer are lacking. These
polymorphisms have previously been investigated in autoimmune
diseases, cardiovascular disorders, and bladder cancer, but their
contribution to laryngeal cancer susceptibility and recurrence has
not yet been explored. To our knowledge, this is one of the
first studies to evaluate both OX40/0X40L genetic variations and
circulating soluble protein levels in the same laryngeal cancer group.

MATERIALS AND METHODS
Samples

In this cross-sectional study, 80 patients diagnosed with laryngeal
cancer and 111 healthy individuals were included. The participants
were recruited from the Department of Otorhinolaryngology/Head
and Neck Surgery, Istanbul Education and Research Hospital, and
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Table 1. Primer sequences and restriction fragment length polymorphism (RFLP) patterns for 0X40 rs17568 and OX40L rs1234313 polymorphisms

Gene SNP Primer Sequence Length of product Restriction Enzyme  RFLP fragments (bp)
Forward TTCAGCAGTGGCAGTGGTAG GG: 359

0X40 rs17568 359 bp BsmaAl AG: 359, 198, 161
Reverse TGGGAAAGTGGAACTGGTCT AA: 198, 161
Forward TGTGGTAGATGCTGCCTGTG AA: 329

OX40L 151234313 329 bp Bmrl AG: 329, 176, 153
Reverse CCCTTCTCCTATTCGGGTTG GG: 176. 153

the Department of Otorhinolaryngology, Istanbul Faculty of Medicine,
Istanbul University, between 2020 and 2021. The patient group
comprised 80 individuals (6 women, 74 men), while the control group
consisted of 111 individuals (52 women, 59 men). All participants had
provided written informed consent for this study before the sampling
procedure. The study protocol conformed to the ethical guidelines of
The Declaration of Helsinki (1975) and was approved by the Clinical
Research Ethics Committee of Istanbul University, Tirkiye (approval
no: 29.01.2020-165).

Genotyping

Peripheral blood samples were collected from all participants.
Samples collected in EDTA tubes were used for genomic DNA
isolation, whereas blood collected in serum tubes was centrifuged
to obtain serum for enzyme-linked immunosorbent assay (ELISA)
analysis. Serum aliquots were stored at -80°C until further use.
Genomic DNA was isolated from blood samples using the PureLink®
Genomic DNA Kit (Invitrogen, USA), following the manufacturer's
protocol. The purity and concentration of the isolated DNA were
measured using a spectrophotometer (Applied Biosystems, USA).
Genotyping was performed using a multi-step process comprising
polymerase chain reaction (PCR) followed by restriction fragment
length polymorphism (RFLP) analysis. Detailed information on the
primers and the restriction enzyme used for both PCR and RFLP
procedures is provided in Table 1. PCR amplification was conducted
using the T100™ Thermal Cycler (Bio-Rad INC., USA). The process
began with an initial denaturation at 94°C for 10 minutes, followed
by 35 cycles of denaturation at 95°C for 45 seconds, annealing at
61°C for 30 seconds, and extension at 72°C for 40 seconds. A final
extension was carried out at 72°C for 10 minutes. PCR products were
then digested with a restriction enzyme (New England Biolabs, USA)
at 37°C for 5 hours. Digested products were separated on a 2.5%
agarose gel, stained with ethidium bromide, and visualized under
UV illumination (Vilber Lourmat, France). Band patterns and reaction
conditions are shown in Table 1.

ELISA

The concentrations of human soluble 0X40 (sOX40) and soluble
OX40L (sOX40L) in serum samples from both patients and healthy
controls were quantified using ELISA. For the measurements,
commercially available ELISA kits were used: The Human Soluble

OX40L ELISA Kit (Cat. No: EH356RB Invitrogen, USA) and the GENLISA™
Human TNFRSF4/OX40 ELISA Kit (Cat. No: KBH3356 KRISHGEN
BioSystems, USA), both supplied by ARP American Research
Products, Inc. All procedures followed the manufacturers’ protocols.
Absorbance was read at 450 nm using an ELISA plate reader, and
concentrations were calculated in pg/mL. The sensitivity of the
sOX40L kit was reported as <1.8 pg/mL, while the sOX40 kit had a
sensitivity of <01 pg/mL.

Statistical Analyses

Statistical analyses were performed using SPSS software (version
221: IBM Corp., Armonk, NY, USA). Fisher's exact test or the chi-
square test was used to analyze genotype and allele frequency
distributions. Mann-Whitney U tests were used to compare serum
sSOX40 and sOX40L levels between groups. A two-sided p-value
<0.05 was considered statistically significant. Linkage disequilibrium
analysis was performed using Haploview software (version 4.2, Broad
Institute, England). In addition, SNPs in both patients and healthy
controls were tested for Hardy-Weinberg equilibrium.

RESULTS

sOX40 and sOX40L Levels and Genetic Variant
Distributions Among Groups

The demographic characteristics of the study population are
summarized in Table 2. Patients with laryngeal cancer were
significantly more likely to be male than healthy controls (92.5% vs.
53.2%, p<0.001), whereas the mean age did not differ significantly
between the groups (61.0 + 110 vs. 57.4 + 1.65 years, p=0.07). Serum
sOX40 and sOX40L levels were measured in laryngeal cancer patients
(3217 + 1.66 pg/mL and 17.57 + 478 pg/mL, respectively) and healthy
controls (33.96 + 341 pg/mL and 31.71 + 14.35 pg/mL, respectively). No
statistically significant differences were observed in serum sOX40 or
sOX40L levels between the two groups (p>0.05).

Table 2. Demographic characteristics of laryngeal cancer patients and healthy controls

L. Patients Controls
Characteristic p value
(n=280) (n=111)
Age (years; mean * SE) 61.0 + 110 574 +1.65 0.07
Sex
- Male, n (%) 74 (92.5%) 59 (53.2%) <0.001
- Female, n (%) 6 (7.5%) 52 (46.8%)
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Genotype and allele frequency distributions of the OX40 rs17568
polymorphism were comparable between laryngeal cancer patients
and controls, with no statistically significant differences detected
(Table 3). Similarly, allele frequencies did not significantly differ
between groups.

Table 3. Distribution of genotypes and alleles for the polymorphism

Patients Controls

Genotype / Allele (n = 80) (n=11) p value
AA 42 (52.5%) 49 (441%)

AG 28 (35.0%) 44 (39.6%) 0.50

GG 10 (12.5%) 18 (16.2%)

Aallele 112 (70.0%) 139 (62.6%) 013
Gallele 48 (30.0%) 83 (37.4%)

Data are presented as numbers (percentage). Differences between groups were

evaluated using the chi-square or Fisher's exact test, as appropriate.

In contrast, the genotype distribution of the OX40L rs1234313
polymorphism differed significantly between laryngeal cancer
patients and controls (p=0.007). Homozygous genotypes (AA and
GG) were more frequently observed in the patient group than
the heterozygous AG genotype (Table 4). However, allele frequency
distributions did not significantly differ between the groups. Hardy-
Weinberg equilibrium analysis showed that OX40 rs17568 was in
equilibrium in both the patient (p=0136) and control (p=0140)
groups. OX40L rs1234313 was also in Hardy-Weinberg equilibrium in
the patient group (p=0.673), but deviated significantly in controls
(p<0.001).

Table 4. Genotype and allele frequency distributions of OX40L rs1234313 in laryngeal
cancer patients and healthy controls

Genotype / Allele iy Controls p value
(n=80) (n=111)

AA 10 (12.5%) 5 (4.5%)

AG 39 (48.8%) 78 (70.3%) 0.007

GG 31(38.8%) 28 (25.2%)

Aallele 59 (36.9%) 88 (39.6%) 0.86

G allele 101 (631%) 134 (60.4%)

Data are presented as numbers (percentage). Statistically significant results are
indicated in bold.

Distribution of Clinicopathological Findings According to
0X40 and OX40L Genetic Variants

The distribution of clinicopathological parameters according to OX40
rs17568 and OX40L rs1234313 genotypes was further evaluated in
laryngeal cancer patients. Statistically significant difference was
found only in the OX40 genotype distribution in terms of positive
or negative recurrence (p=0.048). No significant associations were
observed between genotype distributions and clinicopathological
features, including tumor stage, lymph node involvement, perineural
invasion, differentiation status, smoking, alcohol consumption,
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reflux, family history, or distant metastasis (Supplementary Tables S
and S2).

Combined genotype analysis of OX40 rs17568 and OX40L rs1234313
did not reveal any significant differences between laryngeal cancer
patients and controls (Supplementary Table S3). Similarly, haplotype
analysis showed no statistically significant association between
laryngeal cancer and haplotype frequencies of the investigated
polymorphisms (Supplementary Tables S4 and S5).

Distribution of sOX40 and sOX40L Levels According to
Clinicopathological Findings

Serum sOX40 and sOX40L levels were further evaluated according
to selected clinicopathological parameters in patients with laryngeal
cancer (Table 5). Although sOX40 levels tended to be higher in
patients with advanced tumor stage, lymph node involvement,
and perineural invasion, these differences did not reach statistical
significance (p>0.05). Recurrence data were available for 79 of the
80 patients included in the study, as recurrence information was
unavailable for one patient. Among these, 8 patients experienced
disease recurrence, whereas 71 remained recurrence-free during
follow-up. Among all clinicopathological parameters evaluated,
disease recurrence was the only variable significantly associated with
circulating sOX40 levels, which were significantly higher in patients
with recurrence than in those without (p=0.008).

Table 5. Serum sOX40 and sOX40L levels according to selected clinicopathological
parameters in laryngeal cancer patients

Parameter Category Levels (pg/mL) p value

-T2 3143 + 317 0.59
Tumor stage

T3-T4 3336+ 1.82

NO 3174 £2.31 0.59
Lymph node

N1-N3 33.76 + 2.67

Negative 31.56 + 211 0.44
Perineural invasion

Positive 34.60 +3M

Negative 30.71 £ 149 0.008
Recurrence

Positive 43.82 +0.89

-T2 32.07 + 9.65 0.32
Tumor stage

T3-T4 15.76 + 5.02

NO 18.52 £ 5.88 0.84
Lymph node

N1-N3 16.38 + 8.88

Negative 18.65 + 6.35 0.77
Recurrence

Positive 1541 + 8.34

Values are presented as mean + standard error (SE). Comparisons were performed
using the Mann-Whitney U test. Statistically significant results are indicated in bold.

No statistically significant differences in sOX40L levels were observed
according to tumor stage, lymph node involvement, perineural
invasion, or recurrence status (all p>0.05).
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DISCUSSION

Genetic variations, such as SNPs, contribute to the modulation
of gene expression, particularly in hotspot regions. Immune
checkpoint molecules, including PD-1 and CTLA-4, are well-
characterized in cancer immunotherapy, while other members,
such as OX40, are increasingly being evaluated with respect to
their immunomodulatory roles in cancer (25). OX40/OX40L is a
member of the TNF superfamily and functions as a costimulatory
pathway; experimental evidence indicates that dysregulation of
OX40L expression is associated with decreased antitumoral immune
activity in the tumor microenvironment (26).

In this study, the genotype distribution of 0OX40 rs17568 did
not significantly differ between laryngeal cancer patients and
controls. This is consistent with reports indicating that rs17568, an
exonic variant, may influence gene expression or immune-related
phenotypes, yet its association with cancer susceptibility may vary
between populations and disease contexts (22-30). Moreover, in
squamous cell carcinomas of the paranasal sinuses, an increased
risk associated with OX40 variants has been reported, supporting the
possibility that this axis may be relevant in squamous malignancies
under chronic inflammatory pressure (22, 31-33).

In contrast, OX40L rs1234313 showed a significant difference in
genotype distribution between patients and controls in our
cohort. Notably, homozygous mutant (GG) and wild-type (AA)
genotypes were more frequent than the heterozygous (AG) genotype
among laryngeal cancer patients. Previous studies have implicated
OX40L variants, including rs1234313, in several malignancies and
immune-inflammatory disorders. For example, rs1234313 has been
suggested as a potential independent risk factor in sporadic breast
cancer (20), and polymorphisms in OX40/0X40L have also been
associated with bladder cancer in a Turkish population (18). In
cardiovascular and atherosclerotic contexts, rs1234313 has been
evaluated as a risk-associated variant linked to carotid calcification
and atherosclerotic phenotypes, highlighting its broader relevance
to chronic inflammation (34). Taken together, our findings support
the hypothesis that alterations in OX40L rs1234313 may contribute
to immune dysregulation in laryngeal cancer, potentially affecting
immune surveillance during carcinogenesis.

Regarding soluble molecules, we observed no significant differences
in sOX40 and sOX40L levels between laryngeal cancer patients and
controls. However, sOX40 levels were significantly higher in patients
with disease recurrence than in patients without recurrence. This
finding is consistent with reports in other malignancies showing
that soluble 0X40 levels may be associated with advanced disease
features. Increased sOX40 levels have been reported in advanced
gastric adenocarcinoma and are correlated with cancer progression
(35), and high sOX&0 levels have been associated with metastatic
gastric cancer (36). Similarly, in colorectal cancer, soluble OX40
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has been evaluated in relation to tumor immune contexture, and
higher circulating sOX40 levels have been linked to adverse clinical
outcomes, including reduced survival in advanced colorectal cancer
(37, 38). Therefore, the elevated circulating sOX40 levels observed in
patients with disease recurrence may reflect alterations in immune
activation associated with recurrent disease. Given the cross-
sectional design of the present study and the lack of information
regarding the temporal relationship between sample collection and
recurrence, these findings should be interpreted as an association
rather than evidence of a prognostic or predictive biomarker.
Prospective longitudinal studies with serial sample collection are
required to determine whether elevated sOX40 levels precede
recurrence or simply reflect disease status at the time of sampling.

In contrast, sOX40L has been studied less extensively in oncology,
and available data are limited. In metastatic gastric cancer, sSOX40L
did not show a clear association with histological subtypes or
case-control differences (36). Beyond cancer, peripheral OX40/0X&40L
profiles have been evaluated in immune-mediated diseases; in
myasthenia gravis, OX40/0X40L dynamics (including soluble forms)
were discussed in relation to relapse and remission, underscoring
the relevance of this axis in immune regulation (39). In our cohort,
although sOX40L did not show statistically significant differences
across clinicopathological strata, its variation alongside recurrence-
related changes in sOX40 suggests that the OX40/0X40L axis may be
more involved in progression and recurrence biology than in early
carcinogenic events.

In this study, neither the rs17568 nor the rs1234313
genotype distributions showed significant associations with
most clinicopathological parameters. Nevertheless, the significant
difference in OX40L rs1234313 genotype distribution between cases
and controls, together with the increase in sOX40 levels in
patients with disease, recurrence supports the view that the 0X40/
OX40L profile may contribute to immune escape mechanisms
during advanced disease processes. Unlike previous studies
that primarily focused on cancer susceptibility or individual
genetic polymorphisms, our study integrates both OX40/0X40L
genetic polymorphisms and circulating soluble immune checkpoint
molecules within the same laryngeal cancer cohort. This integrated
approach provides a more comprehensive perspective on 0X40/
OX40L dysregulation than evaluating either genetic or soluble
biomarkers alone. Overall, our findings suggest that alterations in
the OX40/0X40L axis may be more closely associated with disease
progression and recurrence than with tumor initiation. In particular,
elevated circulating sOX40 may represent a potential recurrence-
associated marker; however, this observation should be considered
exploratory and requires validation in larger, prospective cohorts
before any clinical application can be considered. Given the growing
interest in OX40-targeted immunotherapy, further validation of
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0X40/0X40L-related biomarkers may contribute to improved patient
stratification and disease monitoring in the future.

This study has several limitations that should be considered
when interpreting the findings. First, the sex distribution differed
significantly between the patient and control groups, reflecting
the well-known male predominance of laryngeal cancer. Although
this imbalance largely reflects the disease's epidemiology, sex-
related differences in immune responses may have influenced the
observed associations. Given the relatively limited sample size of
this study, multivariable analyses adjusted for potential confounding
factors were not performed. Therefore, residual confounding cannot
be excluded. Second, the relatively small number of patients
with disease recurrence limited the statistical power of subgroup
analyses, and these findings should therefore be considered
exploratory. In addition, the cross-sectional design precludes
conclusions regarding temporal or causal relationships between
circulating sOX40 levels and disease recurrence; thus, the observed
association should not be interpreted as evidence that circulating
sOX40 predicts recurrence or has established prognostic value.
Furthermore, disease-free and overall survival analyses were not
performed, limiting the evaluation of the prognostic significance
of OX40/0X40L alterations. Finally, the deviation from the Hardy-
Weinberg equilibrium observed for OX40L rs1234313 in the control
group should be considered when interpreting the observed genetic
association. Overall, these findings should be validated in larger,
prospective, and preferably sex-balanced cohorts.

CONCLUSION

The findings of this study suggest that alterations in the OX40/
OX40L axis may be more closely associated with disease progression
and recurrence than with the initiation of laryngeal cancer. While
no significant differences in serum sOX40 and sOX40L levels were
observed between patients and controls, elevated sOX40 in recurrent
cases suggests a potential association with disease course. The
predominance of homozygous genotypes for OX40L rs1234313 among
patients may indicate the involvement of this immune regulatory
pathway; however, these findings require confirmation in larger, well-
controlled functional studies before clinical interpretation.
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Table S 1. The genotype frequency distribution of OX40 rs17568 among larynx cancer patients/control group based on tumor histopathological characteristics

Histopathological Information

Perineural Invasion

Tumor Stage

Lymph Node

Recurrence

Distant Metastasis

Alcohol Consumption

Reflux

Family History

Differentiation

Smoking

Positive
Negative
T+T2
T3+T4

No
N1-N3
Positive
Negative
Positive
Negative
Yes

No
Positive
Negative
Positive
Negative
Low
Moderate
Yes

No

AA
9 (52.9%)
29 (52.7%)
8 (421%)
30 (56.6%)
17 (44.7%)
21(62.8%)
1(12.5%)
41 (57.7%)
2 (100%)
36 (51.4%)
21(51.2%)
17 (54.8%)
17 (54.8%)
25 (51.0%)
12 (48.0%)
30 (54.5%)
3 (62.9%)
22 (50.0%)
21(58.3%)
2 (47.7%)

0X40 Genotypes
GG
4 (23.5%)
5(91%)
1(5.3%)
8 (151%)
6 (15.8%)
3(8.8%)
2(25.0%)

7(9.9%)

16 (36.4%)
13 (36.1%)
15 (341%)

0.227

0134

0332

0.048

0.398

0.819

0919

0.776

0.599

0.226

Recurrence data were unavailable for one patient; therefore, recurrence analyses were performed on 79 patients. Statistically significant results are indicated in bold.
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Table S 2. The genotype frequency distribution of OX40L rs1234313 among larynx cancer patients/control group based on tumor histopathological characteristics
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Histopathological Information 0X40L Genotypes
AA GG AG p
Positive 1(5.9%) 9 (52.9%) 7(61.2%)
Perineural Invasion 0.727
Negative 7 (12.7%) 26 (47.3%) 22 (40.0%)
T1+T2 3 (15.8%) 12 (63.2%) 4(211%)
Tumor Stage 0135
T3+T4 5 (9.4%) 23 (434%) 25 (47.2%)
No 5(13.2%) 19 (50.0%) 14 (36.8%)
Lymph Node 0.752
N1-N3 3(8.8%) 16 (471%) 15 (441%)
Positive 2(25.0%) 4(50.0%) 2 (25.0%)
Recurrence 0480
Negative 8 (11.3%) 35 (49.3%) 28 (39.4%)
Positive - 2 (100%) -
Distant Metastasis 0.337
Negative 8 (114%) 33 (471%) 29 (414%)
Yes 3(7.3%) 20 (48.8%) 18 (43.9%)
Alcohol Consumption 0462
No 5(161%) 15 (48.4%) 11(35.5%)
Positive 4 (129%) 15 (48.4%) 12 (38.7%)
Reflux 0.996
Negative 6 (12.2%) 24 (49.0%) 19 (38.8%)
Positive 2(8.0%) 1 (44.0%) 12 (48.0%)
Family History 0.458
Negative 8 (14.5%) 28 (50.9%) 19 (34.5%)
Low 0 (0%) 3 (462.9%) 4 (571%)
Differentiation 0.306
Moderate 4(91%) 27 (614%) 13 (29.5%)
Yes 4(91%) 26 (591%) 14 (31.8%)
Smoking 0118
No 6 (16.7%) 13 (361%) 17 (47.2%)
Recurrence data were unavailable for one patient; therefore, recurrence analyses were performed on 79 patients.
Table S 3. Combined genotyping results of OX40 rs17568 and OX40L rs1234313
Genotype Combinations
Groups
AAAA AAAG AAGG AGAA AGAG AGGG GGAA GGGG
. 4 21 17 3 16 9 2 5
Patients
(5%) (26.2%) (21.2%) (3.8%) (20%) (1.2%) (2.5%) (3.8%) (62%)
l 4 31 14 1 33 10 0 4
controls (36%) (27.9%) (12.6%) (0.9%) (29.7%) (9%) (0%) (12.6%) (3.6%)
Table S 4. Haplotype analyses of rs17568 and rs1234313 polymorphisms
Block Haplotype Frequencies Patients, Control Ratio Chi-square p
AG 041 0.445, 0.386 1.303 0.25
AA 0.254 0.255, 0.253 0.002 0.96
GG 0.205 0187, 0.217 0.535 0.46
GA 0131 0113, 0143 0.726 0.39
Table S 5. Haplotype evaluation between rs17568 and rs1234313
SNP Reference Minor allele Patients, Control Ratio Chi-square p
rs17568 A 0.700, 0.640 1.52 0.21
rs1234313 G 0.631, 0.604 0.30 0.58
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Abstract Objective: DNA methylation alterations contribute to breast cancer heterogeneity, yet their utility for distinguishing
histological subtypes remains underexplored. This study aimed to identify genome-wide methylation signatures across
breast cancer subtypes and develop compact probe panels for molecular classification.

Materials and Methods: HumanMethylation450 (HM450) data from 99 samples (40 infiltrating ductal carcinoma (IDC), 40
infiltrating lobular carcinoma (ILC), 14 metaplastic, 5 medullary) and 1,098 clinical samples from The Cancer Genome Atlas
(TCGA) breast invasive carcinoma (BRCA) were analyzed. Differentially methylated positions (DMPs) were identified using
limma with Benjamini-Hochberg false discovery rate correction. Support vector machine classifiers with minimal probe
panels were developed for hormone receptor endpoints.

Results: Of the 404,059 quality-filtered CpG probes, 88,909 (22.0%) were differentially methylated across subtypes (False
discovery rate (FDR)<0.05). The ILC-metaplastic comparison yielded the largest divergence (58,661 DMPs). Classifiers
achieved area under the curve (AUC) values of 0.935, 0.934, and 0.866 for estrogen receptor (ER), triple-negative breast
cancer (TNBC), and progesterone receptor (PR) status, respectively, using 8-bit polymerase chain reaction (PCR). Fifteen
CpG probes in internal cross-validation.

Conclusion: Histological subtypes harbor distinct methylation landscapes dominated by global hypomethylation in
metaplastic carcinoma. Compact CpG probe panels predict hormone receptor status with high accuracy in internal
cross-validation, suggesting the potential of methylation-based diagnostic assays as a complementary approach to
immunohistochemistry (IHC), pending external validation.
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INTRODUCTION

Breast cancer remains the most diagnosed malignancy and a leading
cause of cancer-related death among women globally, with an
estimated 2.3 million new cases and 670,000 deaths in 2022 (1, 2). It
is increasingly recognized not as a single entity but as a collection
of molecularly and histologically distinct diseases with divergent
clinical trajectories, treatment sensitivities, and prognostic profiles
(3). Although the majority of invasive breast cancers are classified
as infiltrating ductal carcinoma not otherwise specified (IDC-NOS,
approximately 80%), infiltrating lobular carcinoma (ILC) constitutes
10-15%, while rare subtypes, including metaplastic carcinoma (0.2-
1%) and medullary carcinoma (<1%), present unique biological
characteristics that are poorly captured by standard molecular
profiling (4, 5).

The current clinical framework relies on immunohistochemistry
(IHC) for estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2), supplemented
by gene expression-based assays such as prediction-analysis-of-
microarray-50 (PAM50) for intrinsic molecular subtyping (LuminalA,
LuminalB, HER2-enriched, basal-like, normal-like) (6). While the
framework has transformed treatment stratification, IHC-based
assessment remains subject to inter-laboratory variability and semi-
quantitative interpretation in 10-20% of HER2 testing (7, 8). Gene
expression profiling requires high-quality RNA, constraining its
applicability to formalin-fixed paraffin-embedded (FFPE) specimens,
the predominant practice used in clinical pathology.

DNA methylation offers an alternative biomarker modality.
Methylation patterns exhibit chemical stability, are well-preserved
in FFPE tissue, and can be detected and analyzed from as little
as 50 ng of input DNA (9). Epigenetic alterations are among
the earliest molecular events in breast carcinogenesis, regulating
tumor-suppressor gene silencing (e.g., BRCAT, RASSFIA, GSTP1),
oncogene activation, epithelial-mesenchymal transition (EMT), and
immune evasion (10, 11). The clinical feasibility of methylation-
based diagnostics has been demonstrated in neuro-oncology, where
genome-wide methylation profiling serves as the reference standard
for central nervous system (CNS) tumor classification (12).

The Cancer Genome Atlas (TCGA) has assembled comprehensive
datasets for over 1,000 breast invasive carcinoma specimens,
including Illumina Infinilum  HumanMethylation450  (HM450)
BeadChip data interrogating approximately 485,000 CpG sites (13).
While seminal TCGA-based studies have characterized methylation
differences between PAM50 molecular subtypes (14, 15), a systematic
analysis focusing on histological subtype discrimination, particularly
including rare subtypes, and interpretation of the observed
differences into diagnostic classifiers has been absent.

The study had two main objectives: (i) to characterize genome-wide
DNA methylation differences across four breast cancer subtypes

Methylation Signatures in Breast Cancer Subtypes | Ozdemir et al., 2026

using TCGA-BRCA HM450 data, including subtype-specific signatures,
differentially methylated regions (DMRs), and pathway enrichment;
and (i) to develop and internally validate minimal probe panels
for accurate prediction of ER, PR, and triple-negative breast cancer
(TNBC) status.

MATERIALS AND METHODS
Data Acquisition and Study Population

DNA methylation beta-value matrices and clinical annotations were
obtained from the National Cancer Institute (NCI) Genomic Data
Commons (GDC) portal for the TCGA-BRCA project (NCI, United
States). Methylation data were generated using the Illumina Inc.
(California, United States) InfiniumHM450-BeadChip (485,577 CpG-
sites) and processed through the GDC harmonization pipeline
employing the SEnsible Step-wise Analysis of Methylation data
(SeSAMe) (NCI, United States) workflow, which incorporates p-value
of out-of-band array hybridization (pOOBAH) detection masking,
non-linear dye-bias correction, and background subtraction, aligned
to the Genome Reference Consortium HumanBuild38 (GRCh38/hg38)
reference genome (National Center for Biotechnology Information
(NCBI), United States) (16). Data were retrieved using the TCGAbiolinks
(Bioconductor, United States/Italy) R package (17).

For the histological subtype analysis, 99 samples were curated: IDC
(n=40; International Classification of Diseases for Oncology, Third
Edition [ICD-0-3] code 8500/3), ILC (n=40; code 8520/3), metaplastic
carcinoma (n=14; code 8575/3), and medullary carcinoma (n=5;
code 8510/3). For clinical endpoint classifier development, the full
TCGA-BRCA cohort was used (n=638-1,098 depending on endpoint
availability). TCGA biospecimens were collected from primary surgical
resections before systemic therapy; however, incomplete annotation
of neoadjuvant treatment status prevents confirmation that all
samples are treatment-naive.

Data Preprocessing and Quality Control

Raw beta values (486,427 probes) were subjected to multi-step
quality control (QC). Probes were removed based on the following
criteria: (i) detection p-value >0.01 in >5% of samples; (ii) mapping
to the X/Y chromosome; (iii) known cross-reactivity; or (iv) overlap
with common single-nucleotide polymorphisms (SNPs; minor-allele-
frequency [MAF] >0.01). After filtering, 404,059 probes (831%) were
retained.

Differential Methylation Analysis

Differentially methylated positions (DMPs) were identified using a
two-stage framework. First, one-way analysis of variance (ANOVA)
was conducted across the four subtypes using Benjamini-Hochberg
(BH) false discovery rate (FDR) correction. Second, pairwise
comparisons between all six subtype pairs were performed using
the limma package (Melbourne, Australia), which employs empirical
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Bayes moderation of standard errors (18). Probes with FDR<0.05
and absolute mean beta difference (AB)>01 were classified as
differentially methylated. Because the four histological subtypes
differ in clinical composition (e.g, hormone-receptor status and
age at diagnosis), methylation associated with available clinical
covariates (age and race) was additionally characterized separately;
the primary subtype and endpoint contrasts were modeled
univariably, and residual confounding by unmodelled clinical
variables cannot be fully excluded (see Limitations).

For clinical endpoints, DMPs were identified by limma-based two-
group comparison for ER status (ER+ vs. ER-; n=837), PR status (PR+ vs.
PR-; n=832), HER2 status (HER2+ vs. HER2-; n=638), and TNBC (TNBC
vs. non-TNBC; n=698).

Differentially Methylated Regions (DMRs)

DMRs were identified using the differentially methylated regions
from the CpG array and Transcriptome package (Sydney, Australia),
which applies a kernel-smoothing approach to aggregate DMP-level
signals into regional calls (19). Kernel bandwidth was set to 1,000
base pairs (bp), with DMRs retained if they contained >3 probes and
mean |AB|>0.1.

Gene Annotation and Pathway Enrichment

Significant DMPs were annotated using the
HM450 manifest (IlluminaHumanMethylation450kanno.ilmn12.hg19).
Because Infinium probe identifiers are fixed, platform-level
annotations that are independent of the genome build, the
GRCh38-aligned GDC beta-value matrices were linked to manifest
annotations by probe identifier rather than by genomic coordinate.
Therefore, probe-to-gene assignment is unaffected by the build of
the annotation manifest, and no cross-build coordinate matching is
performed. Genomic coordinates reported in this study were lifted
over to GRCh38 (UCSC liftOver; California, United States) to maintain
consistency with the alignment reference build. The top 500 DMPs
per endpoint were submitted to the Enrichr (New York, United
States) platform for pathway enrichment against six databases:
Kyoto Encyclopedia of Genes and Genomes (KEGG; Kyoto, Japan) 2021,
Gene Ontology (United States) Biological Process (GO-BP) 2023, Gene
Ontology Molecular Function (GO-MF) 2023, Reactome (United States;
United Kingdom) 2022, WikiPathway (The Netherlands, United States)
2023, and Molecular Signatures Database (MSigDB) Hallmark (United
States) 2020 (20). Full pathway enrichment results are provided in
Supplementary Table S1.

Machine Learning Classifier Development

Classifiers for ER, PR, HER2, and TNBC status were built using support
vector machines (SVYMs) with radial basis function kernels in a nested
cross-validation framework. Two model variants were evaluated:
baseline (default hyperparameters) and enhanced (inverse class-
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frequency weighting plus synthetic minority oversampling technique
[SMOTE] for imbalance ratio>3:1). We assessed performance using
AUC with 10-fold stratified cross-validation and calculated 95%
confidence intervals (Cls) from 1,000 bootstrap replicates. We
determined the minimal probe panels using recursive feature
elimination (RFE). Classifiers were categorized into evidence tiers
based on AUC thresholds: Tier 1 (high-performance, AUC>0.85),
Tier 2 (research-validated, 0.70<AUC<0.85), and Tier 3 (exploratory,
AUC<0.70). These tier labels denote internal cross-validation
performance thresholds only and do not imply clinical validation,
which would require confirmation in independent external cohorts.

Principal Component Analysis

Principal component analysis (PCA) was performed at two stages
to distinguish the global methylation structure from the subtype-
specific signal. In the first stage (“before feature extraction”), PCA was
applied to the full set of remaining 404,059 quality-filtered probes
to assess overall methylation variance without any prior feature
selection. In the second stage (“after feature extraction”), PCA was
restricted to 88,909 ANOVA-significant probes (FDR<0.05) to evaluate
whether feature selection enhanced subtype separation. Variance
explained by each principal component (PC), cumulative variance,
and subtype centroids with standard deviations (SDs) in the PC space
were computed. Subtype clustering quality was quantified using the
pseudo-F-statistic, which compares between-group to within-group
variance in the PC space.

Statistical Analyses

All analyses were conducted in R version 4.4 within the Bioconductor
320 environment. TCGAbiolinks version 2.32.0 was used for data
retrieval, limma version 3.62.0 for differential methylation analysis,
DMRcate version 3.2.0 and minfi version 1.52.0 for DNA methylation
analyses, and caret version 6.0-94 and pROC version 118.5 for
classifier development and receiver operating caracteristic curve
analyses. Multiple testing correction used the BH-FDR method. Two-
sided p<0.05 (or FDR<0.05) was the significance threshold. Classifier
metrics were computed using the caret (version 6.0-94, USA) and
pROC (version 118.5, Switzerland) packages. Descriptive statistics are
reported as mean+SD or median (interquartile range). Categorical
variables are presented as counts and percentages.

RESULTS
Cohort Characteristics and Data Quality

The histological subtype cohort comprised 99 female patients: 40
IDC, 40 ILC, 14 metaplastic carcinoma, and 5 medullary carcinoma
(Table 1). Mean age at diagnosis ranged from 50 years (medullary)
to 60 years (ILC), reflecting the age-at-presentation patterns. ER
positivity was highest in ILC (90%) and lowest in medullary and
metaplastic carcinomas (0% and 15%, respectively), consistent with
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Table 1. Demographic characteristics of the four-subtype cohort (n=99 histologically characterized samples).

Subtype n Female (%) Mean Age ER+ (%) PR+ (%) HER2+ (%) TNBC (%)
IDC 40 100 58 75 65 15 15
ILC 40 100 60 90 70 5 5
Metaplastic 14 100 57 15 10 5 70
Medullary 5 100 50 0 0 0 100
Total 99 100 58 68 59 n 27

IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma; ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; TNBC:
triple-negative breast cancer (ER-/PR-/HER2-).

luminal versus basal-like molecular assignments. The broader TCGA- Genome-Wide Differential Methylation Across
BRCA clinical cohort included up to 1,098 subjects, with sample sizes Histological Subtypes

varying by endpoint (n=638-1,098) due to differential availability of ‘ . S
hormone receptor, HER?, and vital status annotations. After oc-  ANOVA across the four histological subtypes identified 88,909

filtering, 404,059 of 486427 HM450 probes (831%) were retained, significantly differentially methylated CpG positions (22.0% of
consistent with the expected SeSAMe pipeline retention rates. 404,059 filtered probes; FDR<0.05), with 50,598 remaining significant
at FDR<0.01. Pairwise comparisons strikingly revealed asymmetric

methylation divergence between subtype pairs (Table 2; Figure 1).

The ILC-metaplastic comparison yielded the greatest number
of DMPs (n=58,661), with a pronounced directional bias toward

ILC vs Metaplastic - 58,661
IDC vs Metaplastic A
ILC vs Medullary

IDC vs Medullary

IDC vs ILC

Metaplastic vs Medullary -  Hypomethylated

W Hypermethylated
i

40000 —-30000 —20000 —10000 0 10000
Number of DMPs

Figure 1. Pairwise DMPs between histological subtypes. Diverging bars show hypomethylated probes (blue, left) and hypermethylated probes (coral, right) relative to the second
subtype listed. DMPs: differentially methylated positions; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma.

Table 2. Pairwise DMPs between breast cancer histological subtypes

Comparison Total DMPs Hypermethylated Hypomethylated Ratio (H/L) Filtered (%)
ILC vs Metaplastic 58,661 15,099 43,562 0.351 14.52
IDC vs Metaplastic 23,452 7,886 15,566 0.51:1 5.80

ILC vs Medullary 15,434 6,461 8,973 0.72:1 3.82
IDC vs Medullary 5733 2,920 2,813 1.041 142
IDCvs ILC 227 204 23 8.87:1 0.06
Meta vs Medullary 132 89 43 2.071 0.03

AB indicates the difference in mean B values between the compared subtypes. Hyper and Hypo indicate the numbers of hypermethylated and hypomethylated DMPs, respectively.
Filtered (%) indicates the proportion of quality-filtered probes meeting the DMP criteria (FDR <0.05 and |AB| >01; 404,059 probes). DMP: differentially methylated position; FDR:
false discovery rate; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma; Meta: metaplastic carcinoma; H/L: hypermethylated-to-hypomethylated ratio.
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hypomethylation in metaplastic tumors (43,562 hypomethylated vs.
15,099 hypermethylated; ratio 2.9:1). In contrast, IDC and ILC showed
remarkably few DMPs (n=227), reflecting their shared luminal origin.
The corresponding volcano plots for all six pairwise comparisons are
provided in Supplementary Figure S1.

Most Significant Differentially Methylated Sites

The ten most statistically significant DMPs across subtypes are
presented in Table 3 with their genomic coordinates, F-statistics,
and nearest gene annotations (the complete list of the top
1,000 DMPs is provided in Supplementary Table S2). All ten
probes achieved FDR values below 1.2x10°. Notably, metaplastic
carcinoma consistently displayed the most divergent methylation
values. The top-ranked probe, cg08734853, maps to GAIP-interacting
protein, C terminus 1 (GIPC1) on chromosome 19 and showed a
mean B of 0.739 in metaplastic tumors compared with 0.918 in
IDC and 0.935 in ILC (AB=-0196). The largest maximum pairwise
difference (AB=-0.452) was observed at cg19274341 (chr1, long non-
coding RNA locus), where metaplastic carcinoma exhibited near-
complete demethylation (B=0.290). Probe ¢g27090078, mapping to
CAPG (capping actin protein, gelsolin-like) on chromosome 2,
exhibited the reverse pattern, with metaplastic carcinoma showing
hypermethylation (mean B=0.800) relative to IDC (0.466) and ILC
(0.433; AB=+0.367), suggesting locus-specific regulatory divergence.
Two probes mapped to STARD13 and NAXD on chromosome 13, while
others involved TRAF3IP2 (chr6), ZNRF1 (chr16), and IFITIB (chr10),
genes implicated in immune signaling, protein ubiquitination, and
interferon response, respectively. The genomic coordinate (GRCh38)
and regulatory context (promoter, gene body, or intergenic) of
each probe are provided in Table 3. Notably, although these top-
ranked positions are individually strong single-CpG signals, several
genes map to genes showing coordinated multi-probe methylation
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across the promoter; the clearest example is STARD13, where nine
promoter-associated probes are concordantly altered in metaplastic
carcinoma. More broadly, the subtype methylation signatures resolve
into multi-probe differentially methylated regions (mean 3.6-4.2
probes per region) that are predominantly promoter-associated,
indicating cumulative, regionally coordinated methylation change
rather than uniformly isolated single-CpG alterations.

Principal Component Analysis
PCA on All Quality-Filtered Probes

PCA was first performed on the complete set of 404,059 quality-
filtered CpG probes without prior feature selection to assess the
extent to which global methylation variance captures histological
subtype identity. In this analysis, the first five PCs explained a
modest cumulative proportion of total variance, reflecting the high
dimensionality and noise inherent in the full HM450 probe set. While
a general trend of metaplastic carcinoma separation was observable
along PC1, the four histological subtypes overlapped substantially,
and IDC, ILC, and medullary samples formed a largely intermixed
cloud (Figure 2).

The 95% confidence intervals for all four subtypes showed extensive
overlap, particularly between IDC and ILC. This indicates that most
CpG-level variance in the unfiltered dataset is driven by inter-
individual biological variation, stochastic methylation noise, and
technical factors rather than by histological subtype identity.

PCA on ANOVA-Significant Probes

PCA was then repeated using only the 88,909 ANOVA-significant
probes (FDR<0.05), representing the feature-extracted probe set. This
analysis revealed a dramatic improvement in subtype separation
(Figure 3).

Table 3. Top 10 most significantly differentially methylated CpG positions across four breast cancer histological subtypes ranked by F-statistic.

Probe ID Coordinate (GRCh38) Gene F-stat FDR B IDC BILC B Meta 6B Max Feature
€g08734853 chr19:14,487,533 GIPC1 39.8 3.8x10°M 0918 0.935 0.739 -0.196 Promoter
209246897 chr3:34,036,994 Intergenic 369 14x10-1° 0.838 0.889 0.638 -0.300 Intergenic
€g13370010 chr13:33,169,510 STARD13 359 1.8x10-1° 0.920 0.935 0.707 -0.228 Promoter
€g27090078 chr2:85,394,971 CAPG 353 2.0x10710 0.466 0433 0.800 +0.367 Gene body
€g02607915 chr16:75,080,416 ZNRF1 34.7 2.6x1071° 0.919 0.929 0.735 -0194 Gene body
€g19274341 chr1:8,083,831 [NcRNA 33.0 6.6x10710 0.71 0.742 0.290 -0452 Intergenic
€g16704530 chr6:111,568,736 TRAF3IP2 329 6.6x10710 0.837 0.844 0.707 -0137 Promoter
€g05640533 chr13:110,634,652 NAXD 32.6 74x10710 0.829 0.887 0.713 -0174 Gene body
€g18044543 chr10:89,385,038 IFIT1B 31.8 11x107° 0.866 0.899 0.673 -0.226 Gene body
€g03309393 chr6:12,491,151 Intergenic 31.6 11x107° 0.813 0.855 0.450 -0.405 Intergenic

B values represent mean methylation levels within each subtype. AR Max represents the signed difference between the two subtypes with the largest absolute pairwise difference
across all four subtypes. Positive and negative values indicate higher and lower methylation, respectively, in metaplastic carcinoma relative to the most divergent subtype.
Medullary carcinoma was included in the AB Max calculation but is not displayed. Coordinate (GRCh38): genomic position of the probe in the Genome Reference Consortium
Human Build 38; Gene: nearest or associated annotated gene; Feature: genomic context of the probe relative to the annotated gene; F-stat: F-statistic; FDR: False discovery rate;
IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma; Meta: metaplastic carcinoma; IncRNA: long non-coding RNA.
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Figure 2. PCA of DNA methylation before feature extraction. PCA on all 404,059 quality-filtered CpG probes showing substantial overlap between histological subtypes. Large
diamond markers indicate subtype centroids; dashed ellipses represent 95% confidence intervals. Color-coded by histological subtype: IDC (blue), ILC (red), metaplastic (green),
medullary (orange). PCA: principal component analysis; PC: Principal component; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma.

The first five PCs now explained 28.8%, 8.5%, 6.6%, 3.6%, and 31%
of the variance, respectively, yielding a cumulative 50.6% in just
five components, which is a substantially higher proportion than
observed in the first, unfiltered analysis. PC1 (28.8%) primarily
separated metaplastic carcinoma from all other subtypes, consistent
with its globally hypomethylated profile. PC2 (8.5%) distinguished
ILC from IDC and medullary tumors. Medullary carcinoma occupied
an intermediate position between IDC and metaplastic clusters
along PC1, consistent with its basal-like molecular assignment. The
95% confidence intervals after feature extraction showed markedly
reduced overlap, with metaplastic and medullary clusters becoming
visually distinct from the luminal subtypes.

Subtype Centroids and Clustering Quality

Subtype centroids in PC1-PC2 space were computed to quantify inter-
subtype separation (Table 4 Supplementary Table S3). Medullary
carcinoma exhibited the most negative PC1 centroid (-10.80 * 4.43),
followed by metaplastic carcinoma (-9.37 + 4.48), IDC (-0.77 + 10.70),
and ILC (+540 + 7.07). The large SD of IDC along PC1 reflects its
molecular heterogeneity, encompassing all PAM50 subtypes. The
pseudo-F statistic for subtype clustering was 10.55, confirming
that the observed PCA structure is driven by biological subtype
differences rather than batch effects. The variance distribution of the
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Figure 3. PCA of DNA methylation after feature extraction. PCA restricted to 88,909 ANOVA-significant probes (FDR < 0.05) showing improved separation of the selected subtype-
associated methylation patterns, particularly for metaplastic carcinoma. Large diamond markers indicate subtype centroids; dashed ellipses represent 95% confidence intervals.
PCA: principal component analysis; PC: Principal component; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma.
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Table 4. Subtype centroids and dispersion in PCA space after feature extraction (88,909 ANOVA-significant probes).

Subtype n PC1(Mean * SD) PC2 (Mean * SD) PC1 Range Separation
IDC 40 -0.77 +10.70 +1.26 + 445 -16.8 to +18.8 Broad / heterogeneous
ILC 40 +540 £ 7.07 -0.49 * 6.68 -7.0 to +18.8 Luminal cluster
Metaplastic 14 -9.37 + 448 -0.88 +3.51 -145t0 -04 Distinct / compact
Medullary 5 -10.80 + 4.43 =372 +331 -15.5t0 -5.5 Basal-like cluster

PCA: principal component analysis; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma; PC: principal component; SD: standard deviation; ANOVA: one-way analysis-

of-variance.

first five principal components is provided in Supplementary Figure
S2.

Subtype-Specific Methylation Signature

Subtype-specific methylation signatures varied dramatically in
magnitude. The methylation heatmap of the top 30 differentially
methylated CpG sites across subtypes (Figure 4) illustrates the
distinct methylation blocks. Metaplastic carcinoma exhibited 22,888
DMPs (16,062 hypomethylated vs. 6,826 hypermethylated; 2.4:1 ratio),
consistent with the global hypomethylation phenotype of basal-
like/mesenchymal tumors (21). ILC possessed 5,869 DMPs dominated
by hypermethylation (791%), which indicates a methylation-
gain phenotype associated with lobular differentiation. Medullary
carcinoma showed a balanced signature (4150 DMPs), while IDC
lacked a unique signature (0 DMPs), reflecting its heterogeneous
composition spanning all PAM50 subtypes (Figure 5).

Pathway enrichment of the metaplastic signature revealed EMT,
Wnt/B-catenin signaling, and extracellular matrix organization.
The ILC signature was enriched for cell adhesion molecules
and cadherin binding (GO-MF), consistent with CDH1 (E-cadherin)
loss (22). The medullary signature showed enrichment for
interferon signaling and antigen processing, reflecting its dense
lymphocytic infiltrate. Enrichment analysis using Enrichr identified
5 significant WikiPathway terms for the ER signature (top: Th17
Cell Differentiation), 4 GO-BP terms and &4 GO-MF terms for
HER? (top: Regulation of Leukocyte Proliferation; Sequence-Specific
Double-Stranded DNA Binding), and 2 MSigDB Hallmark terms for
PR (top: Estrogen Response Early). The PR signature additionally
showed enrichment for dosage compensation by X chromosome
inactivation (GO-BP, adjusted p<0.05), consistent with known X-
linked regulatory mechanisms in hormone receptor signaling. Full
pathway enrichment results are provided in Supplementary Table S1.

Clinical Endpoint Classifiers

The number of DMPs ranged from 1,035 (HER2) to 41,397 (TNBC) across
endpoints (Figure 6). The SYM classifier performance is summarized
in Table 5 and Figure 7.

The ER classifier achieved AUC=0.935 with 10 CpG probes (sensitivity

94.3%, specificity 82.2%). The TNBC classifier (AUC=0.934, 8 probes)
and PR classifier (AUC=0.866, 15 probes) also exceeded the

predefined high-performance AUC threshold (Tier 1, AUC > 0.85). The
HER?2 classifier showed Tier 2 performance (AUC=0.852 baseline) with
30 probes, reflecting the predominantly genomic basis rather than
epigenomic of HER2 overexpression.

Classifier gene annotation revealed GATA binding protein 3 (GATA3),
progesterone receptor (PGR), and homeobox A3 (HOXA3) in the ER
panel, stem cell differentiation pathways in TNBC, and growth factor
receptor-bound protein 7 (GRB7) events in Erb-B2 receptor tyrosine
kinase 2 (ERBB2) signaling (Reactome) for HER?, providing biological
plausibility for these features (27,28). The complete methylation
signature summary for all 14 classifiers, including panel sizes, AUC
values, and tier assignments, is provided in Supplementary Table S4.

Differentially Methylated Regions

DMR analysis identified contiguous genomic intervals of coordinated
methylation change. The number and total probe content of DMRs
varied substantially across endpoints and subtype signatures (Table
6). The metaplastic subtype signature yielded the largest number of
DMRs (102 regions, 403 probes), followed by ILC (86 DMRs, 346 probes)
and HER2 status (32 DMRs, 124 probes). Vital status showed no
DMRs, consistent with the poor performance of the survival classifier.
To characterize DMR topology, each region was classified by its
position relative to the nearest gene as promoter-associated (within
a transcription start site window, T551500/755200, or 5'UTR/first
exon), gene-body/intragenic, or intergenic; the distribution of these
categories for each endpoint and subtype signature is summarized
in the Genomic context column of Table 6.

For the Tier 12 clinical endpoints, the most prominent TNBC-
associated DMRs included a hypomethylated region on chromosome
5 (chr5:43,017,458-43,020,524; 13 probes; mean AB=-0.347) mapping
to long non-coding RNAs (IncRNAs) CTD-2035E11.3 and CTD-2201E18.3
and a region on chromosome 1 (chr1:171,841159-171,841,327; gene
DNM3;5 probes; mean AB=-0.364). For HER2 status, the largest DMR
mapped to aldehyde dehydrogenase 1 family member L1 (ALDH1LT;
chr3:126,180,526-126,181,081: 10 probes; mean AB=-0145), followed
by STAC2 (chr17; 7 probes) and glutathione S-transferase pi 1
(GSTPT; chr11;5 probes; mean AB=-0142). Because each of these
DMRs aggregates multiple neighboring CpG probes, the observed
differences represent cumulative regional methylation changes
spanning the gene and its flanking regulatory elements; several
—
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Figure 4. Methylation Heatmap of the Top 30 Differentially Methylated CpG Sites. Mean B values across four histological subtypes, with hierarchical clustering dendrogram (Ward's
method). Cell values indicate mean methylation levels (0 = unmethylated, 1 = fully methylated). Rightmost bars show statistical significance (-log10 FDR). The hypomethylated
block in metaplastic carcinoma is clearly visible. CpG: cytosine-phosphate-guanine; FDR: false discovery rate; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma.

map to promoter-associated regions (annotated in Table 6 and
Supplementary Table S2), where coordinated promoter methylation
is most likely to influence transcription.

Integration with Known Breast Cancer Genes

Cross-referencing with 15 established breast cancer genes confirmed
GSTP1 (5 probes, associated with HER2 status), TP73 (p53-family;
3 probes), estrogen receptor 1 (ESRT; 7 probes), and concordant
methylation-expression relationships for vimentin (VIM; an EMT
marker) and GATA3 (a luminal differentiation master regulator). The
finding that ESR1 did not reach significance in individual endpoint
classifiers indicates that ER protein status is governed by upstream
epigenomic programming, involving GATA3 and FOXAT networks,
rather than direct ESRT promoter methylation alone.

DISCUSSION

This study vyields three main findings: (i) breast cancer subtypes
exhibit distinct methylation landscapes, with metaplastic carcinoma
showing extensive hypomethylation (22,000 CpGs); (i) inter-subtype
differences span three orders of magnitude (132-58,661 DMPs),
indicating an epigenomic hierarchy; and (jii) compact 8-15 CpG panels
classify ER, PR, and TNBC status with AUC>0.86 in internal cross-
validation.

The marked divergence between ILC and metaplastic carcinoma
(58,661 DMPs) versus minimal IDC-ILC differences (227 DMPs)
indicates fundamentally distinct epigenomic programs. CDHT loss
in a luminal context indicates that ILC, whereas mesenchymal
transdifferentiation involving EMT and Wnt/B-catenin activation
characterizes metaplastic carcinoma (21, 22). The observed
hypomethylation bias aligns with global DNA hypomethylation
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Figure 5. Subtype-Specific Methylation Signatures. Stacked bars show hypermethylated (coral) and hypomethylated (blue) probes unique to each subtype. Metaplastic carcinoma
dominates with 22,888 DMPs. DMPs: differentially methylated positions; IDC: infiltrating ductal carcinoma; ILC: infiltrating lobular carcinoma.

Table 5. SVM classifier performance for clinical endpoints.

Endpoint n Class Ratio Baseline AUC Enhanced AUC Panel DMPs Tier
ER Status 837 646:191 0.923 0.935 10 CpGs 36,953 Tier 1
TNBC 698 592:106 0.940 0.934 8 CpGs 41,397 Tier 1
PR Status 832 563:269 0.866 0.862 15 CpGs 18,580 Tier 1
HER2 Status 638 530:108 0.852 0.834 30 CpGs 1,035 Tier2

Class Ratio indicates the majority-to-minority class ratio. Baseline and Enhanced AUC refer to model performance before and after class-imbalance correction, respectively.
Panel indicates the number of selected CpG probes, and Tier was assigned according to Enhanced AUC. SVMs: support vector machines; AUC: area under the receiver operating
characteristic curve; Panel: CpG probes in the minimal diagnostic set. DMPs: differentially methylated positions. Tier: evidence tier; ER: estrogen receptor; TNBC: triple-negative
breast cancer; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2.

41,397 mmm Tier 1 (Clinical-grade)
40000 A mmm Tier 2 (Research-validated)
36,953 mmm Tier 3 (Exploratory)
Not applicable
35000
30000 -
n
s
A 25000 4
o
=]
& 20000
a 18,580
g
=
Z 15000 |
10000 -
5,955
5000 -

Figure 6. DMPs by Clinical Endpoint. Bars color-coded by evidence tier: Tier 1/high-performance (green), Tier 2/research-validated (blue), and Tier 3/exploratory (orange). DMPs:
differentially methylated positions; ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; TNBC: triple-negative breast cancer.
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Figure 7. Methylation-Based Classifier Performance. Grouped bars show baseline and enhanced AUC for four clinical endpoints. Dashed lines indicate the AUC=0.80 reference
level; Tier 1 (high-performance) classifiers reach AUC20.85. Minimal probe panel sizes (n) annotated above the bars. AUC: area under the receiver operating characteristic curve;
ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; TNBC: triple-negative breast cancer.

linked to DNMT3B downregulation and loss of H3K9me3-associated
heterochromatin (23, 24).

Unlike the other subtypes, IDC yielded no unique methylation
signature (0 subtype-specific DMPs). This is considered a biologically
expected result rather than a technical artifact. IDC of no special
type is a diagnosis of exclusion spanning the full range of intrinsic
molecular subtypes (luminal A/B, HER2-enriched, and basal-like),
so its methylation profile is a heterogeneous admixture in which
subtype-defining signals average out. Consistent with this, IDC
showed the broadest PC1 dispersion of any subtype (largest within-

Table 6. DMRs identified by endpoint, with key characteristics.

group SD; Table 4), implying that it is better classified at the
molecular subtype (e.g,, PAM50) than at the histological level.

The two-layered PCA approach integrating the feature extraction
demonstrates the critical importance of feature selection for
methylation-based subtyping. While the full 404,059-probe PCA
showed overlapping subtype distributions, restricting analysis to the
88,909 significant probes yielded four-subtype separation with 43.8%
cumulative variance in three components and a pseudo-F statistic
of 10.55. This finding practically implies that methylation-based

Endpoint/Signature nDMRs  Total Probes Mean Probes/DMR Top Gene Top 6B Direction Genomic context
Sig. Metaplastic 102 403 4.0 Multiple Variable Hypo-dominant Predominantly promoter (73%)
Sig. ILC 86 346 40 Multiple Variable Hyper— Predominantly promoter (73%)
dominant
Sig. Medullary 36 138 38 Multiple Variable Balanced Predominantly promoter (83%)
HER2 Status 32 124 39 ALDH1LT -0145 Hypo Predominantly promoter (81%)
Age 30 116 39 DNAH10 +0138 Hyper Predominantly promoter (77%)
Race 27 103 3.8 Multiple Variable Mixed Promoter-enriched (56%)
PR Status 15 54 36 ESR1 -0164 Hypo Predominantly gene body (60%)
TNBC 12 50 42 DNM3 -0.364 Hypo Gene body-enriched (462%)
ER Status 10 39 39 Multiple Variable Mixed Predominantly gene body (60%)
Radiation 9 34 3.8 Multiple Variable Mixed Promoter-enriched (56%)

DMRs were detected using DMRcate with kernel bandwidth = 1,000 bp and minimum 3 probes per region. Genomic context: classification of each region set by its relationship
to the nearest gene into promoter-associated (TSS1500/75S200/5'UTR/first exon), gene-body/intragenic, or intergenic categories. DMRs: differentially methylated regions; ILC:
infiltrating lobular carcinoma; ER: estrogen receptor; TNBC: triple-negative breast cancer; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2; TSS:
transcription start site; UTR: untranslated region. n DMRs indicates the number of detected regions, and Mean Probes/DMR indicates the mean number of CpG probes per region.
Top signed AP indicates the methylation difference for the top DMR; positive and negative values indicate hypermethylation and hypomethylation, respectively, in the target

group relative to its comparator.
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diagnostic assays should incorporate a prior feature selection step
rather than using all available probes.

The compact classifier panels are, in principle, compatible with
existing commercial methylation assay formats, including targeted
bisulfite pyrosequencing, methylation-specific multiplex ligation-
dependent probe amplification (MS-MLPA), and nanopore-based
single-molecule detection, all of which are performable on FFPE
tissue (25, 26). The identification of GATA3 in the ER classifier supports
the biological basis of the GATA3 methylation state, reflecting
the entire luminal differentiation program encompassing ER
expression (27). GSTP1 hypermethylation associated specifically with
HER2 status corroborates known mechanistic connections between
detoxification gene silencing and HER2-driven tumorigenesis (28).

A key clinical question is why methylation-based classification
is needed when IHC for ER, PR, and HER2 is widely available
Rather than replacing IHC, methylation
profiling complements it by addressing key limitations. IHC is
semiquantitative and variable, particularly in ER-low cases (1-10%) (7,
8), and depends on tissue antigenicity, which may be compromised
in degraded samples. In contrast, methylation is chemically stable
and objectively measurable. A single assay can also simultaneously
assess ER, PR, and TNBC status from limited material. In equivocal or
discordant cases, methylation profiling may provide an orthogonal
readout of the underlying epigenomic regulation.

and cost-effective.

Beyond receptor classification, subtype-specific methylation
signatures have implications for personalized treatment
stratification. ILC, despite high ER positivity (90% in this cohort),
shows heterogeneous responses to endocrine therapy and late
recurrences poorly captured by current prognostic tools (22). The
ILC methylation signature (5869 DMPs, 79.1% hypermethylated),
enriched for cell adhesion and cadherin-binding pathways, may
enable refined risk stratification within this group. Identifying
patients with divergent methylation profiles could guide decisions
on adjuvant chemotherapy, extended endocrine therapy, or CDK4/6
inhibitors. Metaplastic carcinoma, with 70% TNBC frequency and
the most divergent methylation landscape (22,888 DMPs), remains a
therapeutic challenge due to poor chemotherapy response. The EMT
and Wnt/B-catenin pathway enrichment observed in the metaplastic
methylation signature suggests that these tumors may not be
candidates for immune checkpoint inhibitors, given the established
link between EMT programs and resistance to PD-1inhibitors, despite
a positive feedback loop with increased PD-1 expression and EMT
programming (29, 30), and may instead be enrolled in clinical trials
for emerging Wnt-pathway-targeted agents. Overall, methylation-
based subclassification may support the selection of patients for
targeted therapies.

This study has several limitations that should be considered.
First, rare subtypes had limited sample sizes (metaplastic n=14,
medullary n=5), increasing the risk of overfitting and rendering
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these results exploratory. In addition, the marked class imbalance
(40:40:14:5) may inflate Type-I-error in ANOVA contrasts involving
smaller groups. Most importantly, the classifiers were evaluated
using internal 10-fold cross-validation without external validation;
this lack of external validation is the principal limitation of the
study, and the reported classifier metrics should be regarded as
estimates of internal performance that require confirmation in
independent external cohorts before any clinical use is considered.
In addition, the primary subtype and endpoint analyses were
not adjusted for clinical covariates (e.g, age, stage, and intrinsic
molecular subtype); although covariate-associated methylation
was characterized separately, residual confounding cannot be
fully excluded. Furthermore, the HM450 array interrogates only
approximately 1.7% of genomic CpG sites, whereas the newer
EPICv2 array provides broader coverage. The predominance of North
American and European populations in the TCGA cohort may also
limit the generalizability of our findings to other ethnic groups.
Batch effects were assessed but not formally corrected due to
unavailable metadata. Moreover, neoadjuvant treatment status was
not uniformly annotated, so treatment-induced epigenetic effects
cannot be excluded, particularly in metaplastic and medullary cases.
Finally, classifiers for clinical stage (AUC=0.594) and overall survival
(AUC=0.648) showed limited performance, reflecting the anatomical
basis of staging and the limitations of binary survival analysis
without accounting for censoring.

Building on the findings of this study, future work should prioritize
external validation of the 8-15 probe panels in FFPE cohorts,
direct comparison with IHC, extension to EPIC arrays and long-
read sequencing, clustered regularly interspaced short palindromic
repeats (CRISPR)-based functional validation of key CpG sites, and
clinical utility studies assessing impact on treatment decisions.

CONCLUSION

This study provides a genome-wide characterization of DNA
methylation across four breast cancer histological subtypes and
demonstrates that compact panels of 8-15. Ten CpG probes
achieve AUC>0.93 for ER and TNBC classification in internal cross-
validation. The 88,909 differentially methylated positions, distinct
hypomethylated profile of metaplastic carcinoma, and structured
PCA evidence for feature-extraction-dependent subtype separation
support the potential of DNA methylation as a translational
diagnostic modality, pending external validation. Upon external
validation, these signatures may refine breast cancer subtyping and
personalized therapeutic decision-making.
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APPENDIX
SUPPLEMENTARY MATERIALS
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Supplementary Figures S1.a-f. Individual pairwise volcano plots of differential DNA methylation between breast cancer histological subtypes.

Each panel displays -log,,(FDR) versus AB (Delta Beta) for one pairwise comparison between histological subtypes. Significantly hypomethylated CpG positions (AB<-0.1, FDR<0.05) are shown in
blue; significantly hypermethylated positions (AB>0., FDR<0.05) are shown in red; non-significant probes are shown in grey. The horizontal dashed line indicates the FDR significance threshold
(-log;0(0.05) = 1.30). Vertical dashed lines indicate the |AB|=01 effect size threshold. DMP counts per direction are annotated in the upper corners of each panel. S1.a: IDC vs. ILC (total DMPs=227;
Hypo: 23, Hyper: 204); b: IDC vs. Metaplastic (total DMPs=23,452; Hypo: 15,566, Hyper: 7,886); c: IDC vs. Medullary (total DMPs=5,733; Hypo: 2,813, Hyper: 2,920); d: ILC vs. Metaplastic (total DMPs=58,661;
Hypo: 43,562, Hyper: 15,099); e: ILC vs. Medullary (total DMPs=15434; Hypo: 8,973, Hyper: 6,461); f: Metaplastic vs. Medullary (total DMPs=132; Hypo: 43, Hyper: 89). IDC: infiltrating ductal carcinoma;
ILC: infiltrating lobular carcinoma; DMP: differentially methylated position; FDR: false discovery rate.
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Supplementary Figure S2. PCA variance distribution after feature extraction.

Individual variance explained (blue bars) and cumulative variance (red line) for the first five principal components computed from 88,909 ANOVA-significant CpG probes (FDR<0.05). PC1

explains 28.8% of variance, with cumulative variance reaching 50.6% across five components. This figure corresponds to the PCA results described in Section 3.4.2 of the main text. PCA:

principal component analysis; ANOVA: one-way analysis of variance; FDR: false discovery rate; PC :principal component.

Supplementary Table S1. Pathway enrichment results for top 500 DMPs per endpoint using the Enrichr platform.

Endpoint Database n Sig Top Enriched Term
ER Status KEGG 2021 0 Th17 cell differentiation
ER Status GO-BP 2023 0 Lymphocyte Migration (G0:0072676)
ER Status GO-MF 2023 0 Transcription Coactivator Binding (G0:0001223)
ER Status Reactome 2022 0 SUMOylation Of Intracellular Receptors R-HSA-4090294
ER Status WikiPathway 2023 5 Th17 Cell Differentiation Pathway WP5130
ER Status MSigDB Hallmark 0 IL2/STATS5 Signaling
PR Status KEGG 2021 0 Signaling pathways regulating pluripotency of stem c...
PR Status GO-BP 2023 1 Dosage Compensation By Inactivation Of X Chromosome ...
PR Status GO-MF 2023 1 Transcription Coregulator Binding (G0:0001221)
PR Status Reactome 2022 0 Interleukin-12 Family Signaling R-HSA-447115
PR Status WikiPathway 2023 0 Mesodermal Commitment Pathway WP2857
PR Status MSigDB Hallmark 2 Estrogen Response Early
HER2 Status KEGG 2021 0 Maturity onset diabetes of the young
HER?2 Status GO-BP 2023 4 Regulation Of Leukocyte Proliferation (G0:0070663)
HER2 Status GO-MF 2023 4 Sequence-Specific Double-Stranded DNA Binding (GO:19...
HER2 Status Reactome 2022 1 GRB7 Events In ERBB2 Signaling R-HSA-1306955
HER2 Status WikiPathway 2023 1 17Q12 Copy Number Variation Syndrome WP5287
HER2 Status MSigDB Hallmark 0 Reactive Oxygen Species Pathway
TNBC KEGG 2021 0 Cellular senescence
TNBC GO-BP 2023 0 Regulation Of Stem Cell Differentiation (G0:2000736)
TNBC GO-MF 2023 1 Transcription Coactivator Binding (G0:0001223)
TNBC Reactome 2022 0 Signaling By Receptor Tyrosine Kinases R-HSA-9006934
TNBC WikiPathway 2023 0 Mammary Gland Development Pathway Puberty Stage 2 Of...
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Supplementary Table S1 continued.

TNBC
Histology (ANOVA
Histology (ANOVA
Histology (ANOVA
Histology (ANOVA

Histology (ANOVA

)
)
)
)
)
Histology (ANOVA)
ILC Signature
ILC Signature
ILC Signature
ILC Signature
ILC Signature
ILC Signature
Metaplastic Signature
Metaplastic Signature
Metaplastic Signature
Metaplastic Signature
Metaplastic Signature
Metaplastic Signature
Medullary Signature
Medullary Signature
Medullary Signature
Medullary Signature
Medullary Signature
Medullary Signature
Survival
Survival
Survival
Survival
Survival

Survival

MSigDB Hallmark
KEGG 2021
GO-BP 2023
GO-MF 2023
Reactome 2022
WikiPathway 2023
MSigDB Hallmark
KEGG 2021
GO-BP 2023
GO-MF 2023
Reactome 2022
WikiPathway 2023
MSigDB Hallmark
KEGG 2021
GO-BP 2023
GO-MF 2023
Reactome 2022
WikiPathway 2023
MSigDB Hallmark
KEGG 2021
GO-BP 2023
GO-MF 2023
Reactome 2022
WikiPathway 2023
MSigDB Hallmark
KEGG 2021
GO-BP 2023
GO-MF 2023
Reactome 2022
WikiPathway 2023
MSigDB Hallmark

0
0

Estrogen Response Late
PPAR signaling pathway
Regulation Of Glial Cell Proliferation (G0:0060251)
Mitogen-Activated Protein Kinase Binding (G0:0051019)
Signaling By RNF43 Mutants R-HSA-5340588
Vitamin D In Inflammatory Diseases WP4482
Adipogenesis
Human T-cell leukemia virus 1 infection
CRD-mediated mRNA Stabilization (G0:0070934)
Double-Stranded DNA Binding (G0:0003690)
Insulin-like Growth Factor-2 mRNA Binding Proteins (...
Primary Focal Segmental Glomerulosclerosis FSGS WP2572
Wnt-beta Catenin Signaling
Transcriptional misregulation in cancer
Odontogenesis (GO:0042476)
Sequence-Specific Double-Stranded DNA Binding (GO:19...
POUSF1 (OCT4), SOX2, NANOG Repress Genes Related To ...
Metabolic Pathways Of Fibroblasts WP5312
UV Response Dn
Nicotine addiction
Oligodendrocyte Differentiation (G0:0048709)
Amyloid-Beta Binding (G0:0001540)
Signaling To P38 Via RIT And RIN R-HSA-187706
Neural Crest Differentiation WP2064
UV Response Dn
Synaptic vesicle cycle
Modulation Of Chemical Synaptic Transmission (G0:005...
3'-5" RNA Helicase Activity (GO:0034458)
Transport Of Small Molecules R-HSA-382551
Type Il Interferon Signaling WP619
KRAS Signaling Up

Six databases were queried. Endpoints with 0 significant terms still list the top-ranked term by combined score. Full Enrichr output with p-values, odds ratios, and gene lists is
available in the code repository. n Sig: number of significantly enriched terms (adjusted p<0.05). Top Term: the most enriched pathway or biological process.

Supplementary Table S2. Top 50 differentially methylated CpG positions across four breast cancer histological subtypes, ranked by F-statistic from one-way ANOVA.

Probe ID Coordinate (GRCh38) Gene F-stat FDR BIDC BILC B Meta B Med Feature
€g08734853 chr19:14,487,533 GIPCT 39.82 3.79e-1 0918 0.935 0.739 0.877 Promoter
€g09246897 chr3:34,036,994 Intergenic 36.91 1.35e-10 0.838 0.889 0.638 0.589 Intergenic
€g13370010 chr13:33,169,510 STARD13 3590 1.81e-10 0.920 0.935 0.707 0.927 Promoter
€g27090078 chr2:85,394,971 CAPG 3533 2.01e-10 0.466 0433 0.800 0.634 Gene body
€g02607915 chr16:75,080,416 ZNRF1 34.66 2.59e-10 0.919 0.929 0.735 0.872 Gene body
€g19274341 chr1:8,083,831 RP11-431K24.1 3296 6.62e-10 0.71 0.742 0.290 0.693 Intergenic
€g16704530 chr6:111,568,736 TRAF3IP2 32.89 6.62e-10 0.837 0.844 0.707 0.826 Promoter
€g05640533 chr13:110,634,652 NAXD 32.56 7.37e-10 0.829 0.887 0.713 0.839 Gene body
€g18044543 chr10:89,385,038 IFIT1B 3177 114e-9 0.866 0.899 0.673 0.771 Gene body
€g03309393 chr6:12,491,151 Intergenic 31.62 114e-9 0.813 0.855 0.450 0.732 Intergenic
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Supplementary Table S2 continued.

€g20417351 chr17:521,18 VPS53 31.53 114e-9 0.838 0.872 0.628 0.824 Gene body
€g19317960 chr4:53,586,439 FIP1L1 3140 116e-9 0.914 0.921 0.724 0.893 Promoter
€g17737409 chr1:230,114,263 GALNT2 30.32 241e-9 0.884 0.936 0.524 0.786 Gene body
€g02096172 chr6:6,893,930 Intergenic 301 2.62e-9 0.906 0.912 0.746 0.833 Intergenic
€g04831327 chr12:113,861,271 RBM19 2993 2.74e-9 0.868 0.916 0.688 0.757 Gene body
€g25368667 chr1:26,349,299 CRYBG2 29.86 2.74e-9 0.873 0918 0.689 0.710 Intergenic
€g09360041 chr1:94,122,349 ABCA4 29.75 2.74e-9 0.841 0.887 0.607 0.667 Promoter
€g03930153 chr3:177,151,108 TBLIXR1 29.72 2.74e-9 0.431 0.675 0.200 0165 Promoter
€g01935400 chr17:82,435,248 HEXDC 2940 3.28e-9 0.930 0.976 0.792 0.787 Gene body
€g07572927 chr14:20,687,520 ANG 29.31 3.28e-9 0.532 0.445 0.833 0.849 Promoter
826853371 chr4:1,789,840 Intergenic 29.29 3.28e-9 0.856 0.889 0.690 0.747 Intergenic
€g02464551 chr2:231,617,860 Intergenic 28.66 5.07e-9 0.616 0.724 0.366 0439 Intergenic
€g02349866 chr15:89,848,645 AP3S52 28.57 523e-9 0.704 0.768 0433 0.568 Gene body
€g25769469 chr5:72,348,014 PTCD2 2840 5.69e-9 0.834 0.886 0.579 0.643 Gene body
€g00059459 chr1:8,283,515 Intergenic 28.30 594e-9 0.832 0.861 0.676 0.554 Intergenic
€g13602461 chr8:54,153,757 RNUGATAC32P 2813 6.53e-9 0.644 0.732 0.289 0.567 Intergenic
€g22422251 chr5:113,034,494 mcc 2794 7.29e-9 0.895 0.914 0.673 0.886 Gene body
€g05982389 chr3:106,120,375 Intergenic 27.76 7.99%e-9 0.924 0.934 0.755 0.895 Intergenic
€g10991454 chr2:30,611,808 LCLAT1 27.73 7.99%e-9 0.874 0.891 0.651 0.783 Gene body
€g01310482 chr7:101,952,860 cux1 27.64 816e-9 0.876 0.898 0.704 0.871 Gene body
€g05429448 chr3:101,940,786 RP11-221J22.1 27.62 8.16e-9 0.682 0.726 0.319 0.610 Promoter
926780125 chr8:124,376,565 Intergenic 2748 8.84e-9 0.615 0.684 0.287 0.533 Intergenic
cg07285237 chr6:139,126,532 Intergenic 27.36 9.18e-9 0.590 0.699 0.243 0.483 Intergenic
€g26112871 chr5:171,893,716 FBXW11 27.35 9.18e-9 0.785 0.855 0.453 0.618 Gene body
823280294 chr1:8,662,405 RERE 27.21 9.52e-9 0.87 0.890 0.675 0.888 Promoter
€g01527307 chr6:14,500,210 Intergenic 27.20 9.52e-9 0.905 0.903 0.722 0.850 Intergenic
€g19654142 chr&:3,476,337 DOK7 2720 9.52e-9 0.816 0.854 0.653 0.639 Gene body
€g27056501 chr1:180,151,565 Intergenic 27.09 1.02e-8 0.901 0.923 0.733 0.861 Intergenic
€g07438246 chr3:14,405137 SLC6A6 27.05 1.02e-8 0.868 0.907 0.719 0.844 Promoter
€g23146741 chr8:42,857,169 RNF170 26.92 1.05e-8 0.836 0.855 0.567 0.808 Gene body
€g12542656 chr2:43,042,330 AC016735.3 26.91 1.05e-8 0.691 0.731 0.369 0.553 Intergenic
€g03376089 chr17:17,936,095 TOM1L2 26.89 1.05e-8 0.798 0.855 0.631 0.732 Gene body
€g02502233 chr6:85,669,885 SNHG5 26.89 1.05e-8 0.462 0.628 0108 0108 Intergenic
cg11742688 chr1:229,538,494 ABCB10 26.76 1.05e-8 0.953 0.960 0914 0.897 Gene body
921585138 chr3:50,607,675 CISH 26.76 1.05e-8 0.409 0423 0.753 0.520 Gene body
€g18885540 chr14:63,856,050 SYNE2 26.76 1.05e-8 0.551 0.508 0.825 0.681 Promoter
€g07711192 chr12:14,274,060 Intergenic 26.76 1.05e-8 0.822 0.879 0.559 0.741 Intergenic
€g04499514 chr12:8,066,424 C3AR1 26.76 1.05e-8 0.656 0.712 0.294 0.474 Promoter
926938676 chr14:72,737,418 DPF3 26.62 113e-8 0423 0.353 0.753 0.766 Gene body
€g27181148 chr12:45 425,524 ANO6 26.62 113e-8 0.899 0916 0.673 0.896 Gene body

B values are subtype means. The complete list of 1,000 DMPs is available in the data repository. Coordinate (GRCh38): genomic position of each probe in the
GRCh38 reference build; Feature: regulatory context of the probe relative to the nearest gene (promoter, gene body, or intergenic). Coordinate and Feature
values can be populated in bulk from the annotated probe table exported by the analysis pipeline.
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Supplementary Table S3. Principal component coordinates for all 99 samples in the histological subtype cohort, computed from 404,059 quality-filtered CpG probes.
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Subtype PC1 PC2 PC3
IDC 12.581 6.030 2140
IDC -16.533 2139 4152
IDC -5153 3.006 -7.543
IDC 13.768 -3.278 6.606
IDC 3.641 0.600 -3.362
IDC 17.818 -5.928 2.710
IDC -13.340 0.813 3.038
IDC -9.370 0.367 7.792
IDC -6.953 -1100 -4.832
IDC -12147 0.618 1.241
IDC -13.956 -1.382 2.640
IDC -9.296 -4.567 -3.275
IDC 9.545 6.031 -0.286
IDC 3.385 1.307 -6.370
IDC -16.826 1.949 -0.799
IDC -4.542 -0.789 -4.351
IDC 3.700 6.543 6.848
IDC 0.604 -2.239 1468
IDC 4499 1728 -6.319
IDC 5.882 -2.028 -0.315
IDC 3.716 6139 4.608
IDC 15151 331 3.204
IDC -13.753 1.327 -0.213
IDC -8.758 -2.477 -6.091
IDC -15.495 1.732 1.893
IDC 11.787 -2.488 -6.864
IDC -1.754 8.798 -2.323
IDC 7445 -4.832 -4106
IDC 3.543 8.794 -0.633
IDC 10.758 -2.810 -2.079
IDC 0.769 -1.561 -6.385
IDC -4.622 M4 -8199
IDC 7.099 1.643 1.276
IDC -7148 1198 12213
IDC -14.851 -0118 3.675
IDC -14.930 -3.598 -3432
IDC 11.378 9122 4.752
IDC 4.853 15422 -0.830
IDC 18.800 3419 4.588
IDC -12.046 -3.466 -3.739
ILC 14.545 -0.412 -2.781
ILC 0195 13.351 -1.077
ILC -7.015 -5.269 8.835
ILC 10.499 -2.218 3294
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Supplementary Table S3 continued.

ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
ILC
Medullary
Medullary
Medullary
Medullary
Medullary
Metaplastic
Metaplastic
Metaplastic

Metaplastic

-5.779
10.593
0.57
15.614
1457
5958
14.588
-0.768
17.831
-4.686
6.067
1.742
3923
18.751
9.694
5.620
-5.592
15.591
6.768
1.767
2300
2.704
-3131
16.711
4200
6.716
10.529
8103
0.547
10.587
0.309
5185
-2.749
-2.655
12.554
0.076
-15.500
-14123
-12.026
-5481
-6.857
-0.405
-7.560
-7.053

-8.853

-2.723
-2.067
9.815
-3.516
-6.386
-6.986
-9122
3.542
-3.579
-3.815
-0.226
11.288
0933
-7.820
-7.979
10.638
1.653
17.702
-5.045
-3.056
1.740
12.620
2.247
4.658
-6.906
-7.289
-4.245
-5132
-1198
-8.625
4193
-5.439
0.630
-1.851
-4.965
1.251
-2.326
-2.860
-1.982
-9.602
-1.812
-7.965
-3.921
1.366

-4.084

-4418
-118
-4143
1.632
4.540
-2122
4269
-5.317
4350
=477
-4.377
-3.068
-0.634
3.567
0.281
-1.841
-4.910
4173
-2.299
2.042
-4.918
-0.704
-5.810
-1.208
-3.022
-2.556
-0.806
-2158
-3.955
-0.577
-2.967
-1149
-6.518
-4.592
1.855
-4.517
-3176
1.392
1.035
3.598
-5.785
7916
-0.072
14.715

-1.502
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Supplementary Table S3 continued.

Metaplastic -13.831 0.935 3.880
Metaplastic -9116 2.084 5.833
Metaplastic -13.041 -3155 -1.236
Metaplastic -14.550 3.064 1.627
Metaplastic -5.947 3156 17.216
Metaplastic -9.677 -0.779 -2.081
Metaplastic -12.834 -0.986 0.595
Metaplastic -14.022 -0.281 -1.864
Metaplastic -1.860 -5108 7.610
Metaplastic ~12.434 3379 6.703
PC1-PC3 values represent each sample’s position in the reduced-dimensionality methylation space.
Supplementary Table S&. Methylation signature summary for all 14 classifiers.
Signature Type DMPs Genes Hyper Hypo Panel AUC Tier
ER Status Hormone Receptor 36953 4§14 297 203 10 0.9347 T1: High-performance
PR Status Hormone Receptor 18580 §n7 276 224 15 0.8657 T1: High-performance
HER2 Status Hormone Receptor 1035 362 37 463 30 0.8519 T2: Research-validated
TNBC Hormone Receptor 41397 398 282 218 8 0.9398 T1: High-performance
Vital Status Prognosis 76 69 15 61 10 0.7141 T3: Exploratory
Survival-Associated ) L
(Kaplan-Meier) Prognosis 500 454 0 0 0 N/A Ta: Preliminary
Age-Associated Prognosis 1998 386 469 31 30 N/A T2: Research-validated
Radiation Therapy Treatment 5955 407 387 13 30 N/A T3: Exploratory
Chemotherapy Treatment 0 0 0 0 0 N/A Not applicable
Race-Associated Demographic 1532 397 289 21 30 N/A T2: Research-validated
ILC Subtype Histology 5869 444 445 55 30 N/A T2: Research-validated
IDC Subtype Histology 0 0 0 0 0 N/A Not applicable
Metaplastic Subtype Histology 22888 403 208 292 30 N/A T2: Research-validated
Medullary Subtype Histology 4150 391 217 283 30 N/A T2: Research-validated

Tier definitions: Tier 1 (high-performance, AUC20.85), Tier 2 (research-validated, 0.70<AUC<0.85), Tier 3 (exploratory, AUC<0.70), Tier & (preliminary, insufficient
data). DMPs: total differentially methylated positions; Genes: number of mapped genes; Hyper/Hypo: count of hyper- and hypomethylated probes in the top
500; Panel: number of CpG probes in the minimal diagnostic panel; AUC: area under the ROC curve (10-fold cross-validation); Tier: evidence classification.
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