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Abstract: Objectives: To evaluate a modular fluorescence resonance energy transfer (FRET) biosensor for site-spe-
cific real-time detection of protein arginine methylation and to explore its translational relevance using a synthetic
oncology cohort. Methods: A synthetic cohort of 200 patients with breast, colorectal, and lung cancer was gener-
ated to reflect real-world demographics and clinical distribution. A modular FRET biosensor (composed of donor-
receptor fluorophores linked by a methylarginine recognition domain) was used to quantify the methylation index of
different tumor subgroups. Results: The FRET biosensor demonstrated superior diagnostic accuracy in identifying
tumors with high methylation burden. The definition of high methylation burden was based on a clinically informed
threshold (>0.65) optimized using receiver operating characteristic (ROC) and was supported by survival relevance.
Patients with elevated FRET-derived methylation indices showed significantly shorter progression-free survival (8.9
months vs. 14.6 months; hazard ratio (HR) 1.92, 95% confidence interval (Cl) 1.41-2.63, P<0.001) and overall
survival (0S) (21.4 months vs. 36.2 months; HR 2.11, 95% confidence interval (Cl) 1.55-2.87, P<0.001). In the
hypermethylation subgroup, the addition of a protein arginine methyltransferase inhibitor was associated with a
higher objective response rate (38% vs. 21%, P=0.008), but showed no significant trend towards improved survival.
Conclusion: This study demonstrates the potential translational application value of modular FRET biosensors in the
dynamic monitoring of protein arginine methylation. Although the study was based on a synthetic cohort, the results
highlight the potential of FRET-based methylation sensing technology as a research and biomarker development
tool, and warrant validation in future real-world clinical settings.
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Introduction

Post-translational modifications are consider-
ed to play a crucial role in the regulation of pro-
tein function, stability, and localization. Pro-
tein methylation has become an important
modification with specific biological and clinical
significance. The protein arginine methyltrans-
ferase family plays a vital role in the reaction
that transfers methyl groups from S-adeno-
sylmethionine (SAM) to the guanidino nitrogen
of arginine residues [1]. Depending on the type
of protein arginine methyltransferase (PRMT),
several different changes occur, namely mono-
methylation (MMA), asymmetric dimethylation
(ADMA), and symmetric dimethylation (SDMA).
These changes have significant effects on DNA
repair enzymes, transcription factors, RNA sp-
licing, and nucleic acid-binding proteins. The

dominant isoform is PRMT1, which is the major
contributor to all ADMA events in mammalian
cells, accounting for 60%. The main enzyme
that helps mediate SDMA is PRMT5 [2]. Some
enzymes play a role in embryonic development
and are present in many tissues; these are
PRMT7 and PRMTS8. These isoforms play roles
in specific functions, such as signal transduc-
tion between neurons and metabolic control
[3]. The pathophysiological role of PRMT dys-
regulation in cancer progression and treatment
resistance is shown in Figure 1.

Clinical relevance of cancer and other dis-
eases

The carcinogenic potential of dysregulated

PRMT activity has been increasingly confirmed
by the literature. In breast cancer, overexpres-
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Figure 1. Pathophysiological roles of PRMT dysregulation in cancer progres-
sion and therapeutic resistance. PRMT: Protein arginine methyltransferase.
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Figure 2. Comparison of detection methodologies. PRMT: Protein arginine
methyltransferase; SAM: S-adenosylmethionine; FRET: Fluorescence reso-

nance energy transfer.

sion of PRMT1 enhances estrogen receptor sig-
naling and promotes tamoxifen resistance. In
colorectal cancer, elevated PRMT5 levels are
associated with epithelial-mesenchymal transi-
tion, increased invasiveness and poor progno-
sis. Lung cancer patients with high PRMT1
expression demonstrate shorter overall surviv-
al (0S), and pan-cancer analysis has found that
PRMT expression is an independent predictor
of progression-free outcome [4]. In addition to
the field of oncology, abnormal protein arginine
methylation is also associated with autoim-
mune diseases such as lupus and rheumatoid
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arthritis, in which dysmethyl-
ation disrupts the signaling of
immune cells.

Current detection strategies:
strengths and limitations

Tumor
progression

These tests are mainly divided
into two parts: one part can
detect protein arginine meth-
ylation, and the other part is
mass spectrometry (MS) and
antibody-based tests. Immu-
noprecipitation, immunohisto-
chemistry, and Western blot-
ting are all antibody-based
methods, which are popular
because they are easy to per-
form. However, they have pr-
oblems with cross-reactivity,
measurement accuracy, and
epitope identification. In addi-
tion, MS and antibody-depen-
dent methods are inherently
static because they can only
capture the methylation state
at a certain point in time and
cannot show the interaction
between methylation and de-
methylation over time in living
cells [D].

This static nature is particu-
larly problematic in clinical
oncology because rapid chan-
ges in post-translational modi-
fications after drug exposure
can affect treatment efficacy.
Additionally, repeated biopsi-
es for longitudinal monitoring
are invasive and impractical,
which necessitates the development of mini-
mally invasive, dynamic detection strategies. A
comparison of various detection methods is
shown in Figure 2.

Principles of FRET biosensor technology

Fluorescence resonance energy transfer (FRET)
has become a powerful molecular technolo-
gy for real-time monitoring of conformational
changes, protein-protein interactions, and en-
zymatic modifications. The principle is that wh-
en two fluorophores are 1 to 10 nanometers
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Figure 3. Modular design of the FRET biosensor.
FRET: Fluorescence resonance energy transfer.

apart, the excitation energy is transferred from
one fluorophore to the other. This transfer is
most effective when the molecules are close
together and properly oriented. Therefore, FRET
is an ideal method for fabricating biosensors
[6]. By placing a methylarginine recognition
domain between the donor and acceptor pair, a
modular biosensor for detecting arginine meth-
ylation can be fabricated. When the recognition
domain binds to methylated residues, a confor-
mational change occurs, thereby enhancing the
FRET effect [3]. The specific modular design of
the FRET biosensor is shown in Figure 3.

Materials and methods
Study design and overview

This study aimed to evaluate a modular FRET
biosensor for site-specific detection of protein
arginine methylation in living cells and to
assess its clinical relevance using a synthetic
cohort of cancer patients. Because this study
used a synthetic dataset and did not involve
human participants, formal ethical approval
was not required. The study comprised two
complementary parts: 1. Development of the
biosensor and its validation in vitro and in living
cell models. 2. A synthetic patient cohort analy-
sis simulating 200 cancer patients with breast,
colorectal, and lung cancer to assess the trans-
lational potential of the biosensor compared to
conventional detection methods [7].

Patient cohort simulation

A synthetic dataset representing 200 cancer
patients was generated, stratified as follows:
42% breast cancer, 33% colorectal cancer, and
25% lung cancer. The generated demographic
and clinical characteristics (age, sex, disease
stage, Eastern Cooperative Oncology Group
(ECOG) performance status, and comorbidities)
reflected the real-world distribution reported in
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the oncology literature [8]. Age distribution:
Mean 58 + 11 years (range 22-88 years). Sex:
55% female, 45% male. Tumor stage: Stage |l
(32%), Stage lll (40%), Stage IV (28%). Perfor-
mance status: ECOG O (35%), ECOG 1 (45%),
ECOG 2 (20%).

Molecular variables were simulated to appro-
ximate biological variations: expression of
PRMT1 and PRMT5, FRET methylation index,
conventional MS index, and FRET efficiency
obtained by fluorescence lifetime imaging mi-
croscopy. Clinical outcomes included treatment
response (RECIST v1.1 criteria), progression-
free survival (PFS), and 0S. Approximately 30%
of patients were simulated to receive investiga-
tional PRMT inhibitor therapy in addition to
standard systemic therapy [9]. In the entire
cohort, approximately 30% of patients (n=60)
were simulated to receive PRMT inhibitor treat-
ment; however, only a subset of these patients
(n=28) belonged to the high FRET methylation
index subgroup (=0.65).

Design and construction of biosensors

The design of the modular FRET biosensor
comprise donor fluorophore (mTurquoise2), me-
thylarginine recognition domain modified from
the Tudor motif, exhibiting selective affinity for
asymmetric dimethylarginine residues, recep-
tor fluorophore (cpVenus).

The donor and receptor are connected by a flex-
ible linker optimized to undergo a conforma-
tional change upon binding to methylarginine.
The binding-induced conformational change is
expected to improve energy transfer efficiency,
which can be measured by changes in spectral
ratios and a shortening of the donor fluores-
cence lifetime [10].

In vitro validation

To quantitatively validate the specificity and
sensitivity of the biosensor, researchers used
PRMT1 or PRMT5 to methylate recombinant
histones, heterologous nucleoproteins, and tr-
anscription factors in vitro. The biosensor con-
struct was co-incubated with methylated sub-
strates at increasing concentrations (0-500
nM) and corresponding unmethylated controls.
The FRET response was quantified by changes
in the donor-to-receptor emission ratio (donor
440-480 nm; receptor 520-560 nm) [11].
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Figure 4. The scatterplot showing the correlation between FRET methyla-
tion index and Mass Spectrometry index in the synthetic patient cohort [24].

FRET: Fluorescence resonance energy transfer.
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Figure 5. ROC curves comparing FRET, MS, and antibody assays for predict-
ing treatment response [25]. ROC: Receiver operating characteristic; FRET:

Fluorescence resonance energy transfer; MS: Mass spectrometry.

The dynamic detection range and limit of detec-
tion were determined by generating dose-res-
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ponse curves. Sensitivity and
specificity were assessed by
distinguishing between meth-
ylated and unmethylated sub-
strates, and compared with
Western blotting and MS re-
sults. Compared with conven-
tional detection methods, this
FRET biosensor exhibited a
wider dynamic range and hi-
gher sensitivity at higher me-
thylation levels.

Cellular studies

The biosensor construct was
transfected into human brea-
st cancer (MCF-7), colorectal
cancer (HCT116), and lung
cancer (A549) cell lines. Cells
were exposed to genotoxic st-
ress (doxorubicin, 1 uM, 24 h)
or metabolic stress (glucose
deprivation, 12 h) to induce
dynamic methylation chang-
es. Some experiments also
included pharmacological in-
hibition using PRMT inhibitors
(MS023 for type | PRMT and
GSK3326595 for PRMT5).
FRET measurements of living
cells were obtained using con-
focal microscopy with fluores-
cence lifetime imaging capa-
bility [12].

Transfection efficiency was
quantified by fluorescence mi-
croscopy, showing that don-
or and recipient fluorescence
was detectable in over 70% of
all cell lines. Before experi-
mental interference, the sta-
bility of the fluorescence sig-
nal was assessed over a time
range of 0-48 h, revealing
minimal signal drift for both
donor and recipient, and sta-
ble baseline FRET ratios. Th-
ese analyses confirm suffi-
cient transfection efficiency
and temporal stability of the

signal, supporting the reproducibility of live cell
FRET measurements.

Am J Transl Res 2026;18(5):3736-3748
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Figure 6. Distribution of treatment response by FRET methylation index and PRMT inhibitor exposure. FRET: Fluo-
rescence resonance energy transfer; PRMT: Protein arginine methyltransferase. Stacked bar plots show treatment
response categories (complete response [CR], partial response [PR], stable disease [SD], and progressive disease
[PD]) among patients with a high FRET methylation index (>0.65). The overall high-methylation cohort comprised 80
patients, of whom 28 patients (35%) received PRMT inhibitor therapy.
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Figure 7. Kaplan-Meier survival curves for PFS and OS by methylation index

Time (months)

groups. PFS: Progression-free survival; OS: Overall survival.

Data collection in the synthetic cohort

For the simulated patient dataset, the following
were generated: PRMT1/PRMT5 expression
levels: in arbitrary units, normally distributed
with biases related to cancer stage and tumor

type.
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e FRET methylation index: De-
rived from expression levels
and random biological noise,
ranging from O to 1.

¢ Conventional MS index: Co-
rrelated with the FRET index
(correlation coefficient r~0.85),
but with additional error vari-
ance.

e Clinical outcomes: Respon-
se categories in the Evaluation
Criteria for Treatment of Solid
Tumors (RECIST) (complete re-
sponse (CR), partial response
(PR), stable disease (SD), dis-
ease progression (PD)), PFS,
and OS with censored indica-
tors [13].

Ethical statement

This study did not involve human participants,
human biosamples, identifiable patient data, or
animal experiments. The clinical datasets ana-
lyzed in this study were entirely synthetic and

generated to simulate population-level distribu-

Am J Transl Res 2026;18(5):3736-3748



FRET sensor for arginine methylation

Breast

Prostate

Lung

Ovarian

Colon

Pancreatic

Figure 8. Heatmap of PRMT expression and FRET methylation index across
breast, colorectal, and lung cancer subgroups [32]. PRMT: Protein arginine
methyltransferase; FRET: Fluorescence resonance energy transfer.

tions reported in published oncology literature.
Therefore, no approval or informed consent
from the Institutional Review Board (IRB) was
required. All in vitro and live-cell experiments
were performed using established human can-
cer cell lines obtained from publicly available
repositories, following institutional biosafety
guidelines and internationally recognized labo-
ratory standards.

Statistical analysis

Analysis was performed using Python 3.10,
NumPy, Pandas, and Lifelines.

Pearson correlation coefficient, Bland-Altman
plot, and paired t-test were used to compare
the FRET index and MS index. Kaplan-Meier
curves (including log-rank test) were used to
compare PFS and OS in the high-methylation
index subgroup and the low-methylation index
subgroup (threshold 0.65). Adjusted hazard
ratios (HRs) based on cancer stage, Eastern
Cooperative Oncology Group (ECOG) perfor-
mance status score, and number of comorbidi-
ties were analyzed using Cox proportional haz-
ards models. The predictive accuracy of the
FRET index relative to the MS index for treat-
ment response (CR/PR) was evaluated using
logistic regression and ROC curve analysis.
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Forest plots (Figure 9) clearly
show the OS HRs and corre-
Methylatio sponding 95% confidence in-
Index tervals (Cls) for each prede-
fined tumor subgroup, ensur-

0.8 ing that the graphical repre-
0,6 sentation directly corresponds
to the reported subgroup-spe-
- 0,5 cific estimates. Two-sided P<
0.05 was used as the criterion

0.4 for statistical significance.
0,3 The predictive analyses in this
study aimed to assess relative
0,2 discriminative power, rather
than absolute risk prediction.
0,1 Therefore, formal calibration

curve analysis was not per-
formed because the synthetic
dataset does not represent
the probability of real-world
events observed in real-world
patient populations. Therefo-
re, discriminative metrics (ar-
ea under the ROC curve (AUC), hazard ratio
(HR), and response classification accuracy) we-
re used to evaluate model performance. These
metrics are suitable for proof-of-concept in a
simulated cohort [14].

Consistency with published clinical data

To ensure the biological validity of the synthetic
oncology cohort, consistency was validated by
benchmarking the simulated molecular and
clinical trends against published clinical evi-
dence for breast, colorectal, and lung cancer.
Specifically, the distribution of PRMT1 and
PRMT5 expression levels was generated based
on reported overexpression patterns in human
tumors, with higher PRMT1 activity in breast
cancer and higher PRMT5 activity in colorectal
and lung cancer, consistent with previous trans-
lational studies. Survival relevance was simi-
larly limited, with increased arginine methyla-
tion load associated with poorer PFS and OS,
with hazard ratios similar to those reported in
observational clinical cohorts and pan-cancer
analyses. The direction of the effect - higher
PRMT expression and methylation load corre-
lated with worse prognosis - was consistent
across all three tumor types.

This calibration process aimed to ensure that
the synthetic dataset reproduced known bio-

Am J Transl Res 2026;18(5):3736-3748
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Figure 9. Forest plot showing hazard ratios (HRs) for overall survival (OS) comparing high versus low FRET methyla-
tion index across predefined tumor subgroups in the synthetic oncology cohort (N=200). The vertical line represents
Hazard Ratio (HR), and horizontal error bars indicate 95% confidence intervals (95% Cl). Numerical HR values with
corresponding 95% Cls as displayed for each tumor subgroup.

logical and prognostic relationships, thereby are shown in Table 2. The correlation between
supporting the interpretability of downstream the indicators obtained by the two detection
analyses. Importantly, this process did not con- methods was also analyzed, and the corre-
stitute external clinical validation but rather sponding scatter plot results are shown in
established biological consistency between Figure 4. The FRET biosensor showed high con-
the simulated data and real-world oncology sistency with the traditional MS detection
evidence. method. In the entire cohort, the mean FRET

methylation index was 0.54 = 0.18, while
Results MS-based measurement result was 0.49 +

0.20. Correlation analysis showed that the
Patient demographics and baseline character- Pearson correlation coefficient r was 0.87
istics (P<0.001), indicating a high degree of consis-

tency between the two methods. However, the
Bland-Altman plot showed that MS underesti-
mated the hypermethylation value compared to

This study included 200 patients, including
those with breast cancer (42%), colorectal can-

cer (33%), and lung cancer (25%). The median FRET [16].

age of the patients was 58 years (interquartile

range 50-66 years), with 55% being female and The improved sensitivity of the FRET biosensor
45% being male. The comorbidity burden was reflects the molecular-level signal amplification
moderate (median 1, interquartile range 0-2) resulting from conformational rearrangement
[15]. Baseline demographic and clinical charac- of fluorophores after selective recognition of
teristics of the synthetic oncology cohort are methylarginine, rather than just differences in
detailed in Table 1. analytical accuracy.

Detection performance: FRET vs. MS Diagnostic performance

This study compared the detection indicators This study evaluated the diagnostic accuracy of
of the FRET biosensor and MS, and the results the FRET biosensor and MS in identifying hyper-

3742 Am J Transl Res 2026;18(5):3736-3748
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Table 1. Baseline demographic and clini-
cal characteristics of the synthetic oncology
cohort (N=200) [23]
Characteristic Value
Age (years), mean + SD 58.0+11.0
Female, n (%) 110 (55.0)
Male, n (%) 90 (45.0)
Breast cancer, n (%) 84 (42.0)
Colorectal cancer, n (%) 66 (33.0
Lung cancer, n (%) 50 (25.0
Stage Il, n (%) 64 (32.0
80 (
56 (
70 (
90 (

)
)
)
Stage lll, n (%) 40.0)
Stage IV, n (%) 28.0)
)
)
)

ECOG 0, n (%) 35.0
ECOG 1, n (%) 45.0
ECOG 2, n (%) 40 (20.0
Comorbidities, median [IQR] 1[0-2]

ECOG: Eastern Cooperative Oncology Group.

methylated tumors. The results are summa-
rized in Table 3. ROC analysis showed that the
FRET index had better predictive accuracy than
MS in identifying hypermethylated tumors. ROC
analysis showed that the FRET methylation
index had excellent diagnostic performance in
identifying hypermethylated tumors, with an
area under the curve (AUC) of 0.91 (95% CI:
0.87-0.95). In contrast, the AUC derived from
the MS index was 0.79 (95% CIl: 0.72-0.85),
indicating that its discrimination ability was
lower than that of FRET [17].

Figure 5 shows the ROC curves comparing the
performance of FRET, MS, and antibody detec-
tion in predicting treatment response. Based
on the FRET methylation index, a pre-defined
cutoff of 0.65 was used to classify tumors as
“highly methylated”, determined by maximizing
the Youden index in the ROC analysis to differ-
entiate PFS. Survival analyses independently
supported this threshold, with values >0.65
significantly associated with poorer PFS and
OS. To ensure methodological consistency, the
same cutoff value was consistently used in
diagnostic performance, treatment response,
and survival analyses.

Treatment response

This study analyzed treatment responses strati-
fied by FRET methylation index and PRMT inhib-
itor use; the results are shown in Table 4. Figure
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6 shows the distribution of treatment respons-
es stratified by FRET methylation index and
PRMT inhibitor exposure. In the high FRET
methylation index subgroup (=0.65), the addi-
tion of a PRMT inhibitor significantly improved
the objective response rates (CR/PR 38% vs.
21%, P=0.008). Although 30% of patients in
the overall cohort received PRMT inhibitor ther-
apy, only 28 patients belonged to the hyper-
methylation subgroup, which explains the
observed subgroup size.

Survival outcomes

Survival outcomes stratified by FRET methyla-
tion index and PRMT inhibitor use are summa-
rized in Table 5. Figure 7 shows Kaplan-Meier
survival curves for PFS and OS grouped by
methylation index. Survival analysis showed
that the FRET index had a clear prognostic
stratification effect. Patients with a high meth-
ylation index (=0.65) had significantly shorter
PFS and OS compared with those with a low
index (<0.65) (PFS: 8.9 months vs. 14.6
months, HR 1.92, 95% CI 1.41-2.63, P<0.001;
0S: 21.4 months vs. 36.2 months, HR 2.11,
95% Cl 1.55-2.87, P<0.001). In the high-index
subgroup, the addition of a PRMT inhibitor was
associated with numerically longer PFS and OS
(12.8 months vs. 8.9 months and 28.6 months
vs. 21.4 months, respectively); however, these
differences did not reach conventional statisti-
cal significance compared with the reference
group of high FRET methylation index patients
who did not receive PRMT inhibitor treatment
(PFS HR 0.74, 95% CI 0.49-1.02, P=0.06; OS
HR 0.76, 95% Cl 0.54-1.10, P=0.09) [18].

Subgroup analyses [19]

Subgroup analyses of FRET methylation index
and survival outcomes are shown in Table 6.
Figure 8 shows a heatmap of PRMT expression
versus FRET methylation index in the breast,
colorectal, and lung cancer subgroups, and
Figure 9 shows a forest plot of the OS HR. This
study found that the FRET methylation index
was significant in multiple tumor types, but
its effect size varied. The breast cancer and
lung cancer cohorts showed the strongest
correlation with survival outcomes, although
the effect size was moderate but significant
[20-24]. The forest plot analysis was restricted
to the breast cancer, colorectal cancer and lung

Am J Transl Res 2026;18(5):3736-3748
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Table 2. Comparison of FRET biosensor and mass spectrometry indices (N=200)

Measure FRET Index (mean + SD) MS Index (mean + SD)  Correlation (r) p-value
Overall cohort 0.54 £+ 0.18 0.49 £ 0.20 0.87 <0.001
Breast cancer (n=84) 0.56 + 0.17 0.50 +0.19 0.85 <0.001
Colorectal cancer (n=66) 0.53 +£0.18 0.48 £ 0.20 0.88 <0.001
Lung cancer (n=50) 0.52 £0.19 0.47 +0.21 0.89 <0.001

FRET: Fluorescence resonance energy transfer; MS: Mass spectrometry.

Table 3. Diagnostic accuracy of FRET vs. MS for high methylation tumors [25]

Positive Predictive Negative Predictive

Lo o
Assay Type AUC Sensitivity (%) Specificity (%) Value (%) Value (%)
FRET biosensor 0.91 (0.87-0.95) 86 83 81 ]7
Mass spectrometry  0.79 (0.72-0.85) 72 77 74 76

FRET: Fluorescence resonance energy transfer; MS: Mass spectrometry; AUC: Area under the curve.

Table 4. Treatment response stratified by FRET methylation

index and PRMT inhibitor use [30-33]

inhibition resulted in favorable numer-
ical changes in PFS and OS, but these

effects were not statistically signifi-

CR/PR SD PD
Group %) %) (%) p-value cant (PFS P=0.06; 0S P=0.09) and
Low FRET index (<0.65, n=120) 48 32 20  Ref should therefore be considered as a
Hish FRET | 50.65. n=80 o1 34 45 <0.001 basis for hypothesis rather than con-
e index (20.65, n=80) 5 ) clusive evidence of survival benefit.
High index + PRMT inhibitor (n=28) 38 39 23 0.008

These findings establish the rele-

The PRMT inhibitor subgroup includes only patients within the high

FRET methylation index group (=0.65). FRET: Fluorescence resonance
energy transfer; PRMT: Protein arginine methyltransferase; CR: Complete
response; PR: Partial response; SD: Stable disease; PD: Progressive

disease.

cancer cohorts that were predetermined in the
study design, and other tumor subtypes were
not included.

Discussion

This study describes the construction and test-
ing of a modular FRET biosensor for detecting
protein arginine methylation in living cells, vali-
dated in a synthetic oncology cohort of 200
patients [19]. The value of this publication lies
in providing new evidence of prognostic, predic-
tive, and diagnostic potential for monitoring
protein arginine methylation in clinical pra-
ctice.

This biosensor exhibits higher sensitivity due to
the specificity of its methylarginine recognition
domain and the inherent nonlinear amplifica-
tion of FRET-based signal transduction [20].
Although PRMT inhibitors mitigate some ad-
verse effects, patients with higher FRET-de-
rived methylation indices have worse clinical
outcomes, characterized by shorter PFS and
0S. In the hypermethylation subgroup, PRMT

3744

vance of this biosensor platform in
translating research findings into clin-
ical practice and confirm the clinical
significance of protein arginine meth-
ylation as a biomarker [21].

The results of this study contribute to a deeper
understanding of the biological role of PRMT in
cancer. Previous studies have also shown that
PRMT5 leads to transcriptional reprogramming,
increased invasiveness, and immune escape in
colorectal and lung cancer, while overexpres-
sion of PRMT1 in breast cancer enhances es-
trogen receptor stimulation and resistance to
endocrine therapy [22]. These studies primarily
employed fixed endpoint detection (MS or anti-
body-based immunoprecipitation), which, while
useful, has limitations in terms of tissue requi-
rements, technical complexity, and inability to
resolve temporal dynamics [23]. In contrast,
the modular FRET biosensor can be used to
detect changes at specific sites in intact living
cells in real time because this modular biosen-
sor construct can provide functional readouts
of methylation activity, which can be directly
correlated with treatment exposure and dis-
ease progression. The information obtained
here not only confirms the importance of the
abnormalities in the disease prognosis process
[24]. Conversely, the modular FRET biosensor

Am J Transl Res 2026;18(5):3736-3748
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Table 5. Survival outcomes by FRET methylation index and PRMT inhibitor use

Group M(i?(l)?]:hpsl):s HR (95% CI) p-value N(Iriilitnhg)s HR (95% CI) p-value
Low FRET index (<0.65) 14.6 Ref - 36.2 Ref -
High FRET index (=0.65, no PRMT inhibitor) 8.9 1.92 (1.41-2.63) <0.001 21.4 2.11 (1.55-2.87) <0.001
High FRET index (=0.65) + PRMT inhibitort 12.8 0.71(0.49-1.02) 0.06 28.6 0.76 (0.54-1.10) 0.09

tHazard ratios for PRMT inhibitor-treated patients were calculated within the high FRET methylation index subgroup, using the “High FRET index
(=0.65, no PRMT inhibitor)” group as the reference. FRET: Fluorescence resonance energy transfer; PRMT: Protein arginine methyltransferase;
HR: Hazard ratio; OS: Overall survival; Cl: Confidence interval.

Table 6. Subgroup analysis of FRET methylation index and survival outcomes [31]

Cancer Type HR for PFS (High vs. Low Index) p-value HR for OS (High vs. Low Index) p-value
Breast (n=84) 2.04 (1.30-3.19) 0.002 2.21(1.38-3.55) 0.001
Colorectal (n=66) 1.61 (1.02-2.53) 0.04 1.72 (1.08-2.75) 0.02

Lung (n=50) 2.19(1.29-3.71) 0.003 2.37 (1.38-4.07) 0.001

PFS: Progression-free survival; OS: Overall survival; HR: Hazard ratio.

provides functional readings of methylation
activity that are immediately correlated with
treatment exposure and disease progression,
and can be detected in real-time, localized wi-
thin intact living cells. In addition to confirming
the predictive role of aberrant methylation, the
data presented here suggest that the biosen-
sor holds promise for guiding patient stratifica-
tion in PRMT inhibitor clinical trials [25-28]. Al-
though exploratory visualization analyses of
other tumor types were initially considered, all
analyses and graphs presented in this manu-
script are limited to the three cancer types
explicitly defined in the study design to ensure
internal consistency and methodological rigor.

These findings have significant clinical implica-
tions. Segmenting patients into high-methyla-
tion-index and low-methylation-index groups
provides a novel approach to prognostic asse-
ssment; patients with higher methylation indi-
ces are almost twice as likely to develop mor-
bidity and die [29-32]. The biosensor can also
serve as a dynamic pharmacodynamic bio-
marker for adaptive dosing in clinical trials and
for dynamic monitoring of the efficacy of PRMT
inhibitors. Furthermore, by predicting specific
treatment responses, the biosensor can be
integrated into circulating tumor cell detection
or patient-derived organoid models to advance
precision oncology. Since the association bet-
ween protein arginine methylation disorders
and autoimmune diseases, cardiovascular dis-
eases and neurological diseases has been
established, this modular design has great
potential for disease areas beyond oncology
due to its adaptability [33-35].
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The advantages of this study lie in the original
design of the biosensor used, its comprehen-
sive validation against traditional detection
methods, and the creation of a synthetic patient
dataset that reflects real-world clinical hetero-
geneity. Rigorous statistical analyses yielded
converging evidence of therapeutic value, in-
cluding correlation studies, ROC curve analysis,
and multivariate survival analysis. The compre-
hensive data on the biosensor response in
terms of treatment and survival outcomes fur-
ther support the translational application of
this biosensor [36-38].

In interpreting the translational significance of
this study, several limitations should be consid-
ered. First, the predictive model was evaluat-
ed using a synthetic tumor cohort designed to
replicate population-level distributions, rather
than real patient data. As a result, without for-
mal calibration curve analysis and external vali-
dation using independent clinical datasets,
absolute clinical risk could not be directly esti-
mated. While the synthetic cohort is valuable
for hypothesis generation and methodological
validation, future research needs prospective
evaluation and calibration using real-world pa-
tient samples to confirm its clinical applicabili-
ty. Such validation is crucial before biosensor-
based predictive frameworks can be used for
individual patient decision-making [29].

Further research is recommended to increase
the number of PRMT subtypes detectable by
the biosensor, to adapt the biosensor to non-
invasive sample types, and to prospectively
validate the biosensor in clinical trials to add-
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ress these limitations [30]. To make the pro-
posed research more meaningful, the biosen-
sor detection method should be combined with
PRMT inhibitor drug research, enabling phar-
macodynamic measurements and real-time pa-
tient stratification. Given the broad role of pro-
tein arginine methylation in cell physiology, its
application in models of autoimmune diseas-
es, metabolic diseases, and neurodegenera-
tive diseases is also worth considering [31].

Molecular basis for enhanced sensitivity of the
FRET biosensor compared to MS

The superior sensitivity of the FRET biosensor
compared to MS stems from fundamental dif-
ferences in molecular recognition, signal trans-
duction, and temporal resolution. The biosen-
sor contains a methylarginine recognition do-
main modified from the Tudor motif, which se-
lectively binds asymmetric dimethylarginine re-
sidues with high affinity [32]. This domain im-
parts site-specific recognition of methylated
substrates in the native protein environment,
minimizing background signals from unmethyl-
ated or off-target residues.

When bound to methylated arginine residues,
the recognition domain undergoes conforma-
tional rearrangement, altering the distance and
relative orientation between the donor and
acceptor fluorophores. Since FRET efficiency is
inversely proportional to the sixth power of the
inter-fluorophore distance, even sub-nanome-
ter structural changes can produce dispropor-
tionately large changes in fluorescence output,
effectively amplifying the molecular signal. This
nonlinear signal amplification enables the de-
tection of subtle and transient methylation
events that may fall below the detection thresh-
old of batch analysis techniques [33].

In contrast, MS relies on peptide extraction,
digestion, ionization, and overall averaging, whi-
ch inherently reduces sensitivity to low-abun-
dance or dynamically regulated methylation
events. lon suppression effects, sample loss
during processing, and the inability to retain
spatial or temporal background further limit the
ability of MS to resolve rapid or localized post-
translational modifications. Consequently, MS
measurements provide a static, population-
averaged snapshot rather than a real-time
functional reading of methylation activity [34].
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Clinical consistency and biological justification
of the synthetic cohort

Although the current study is based on a syn-
thetic tumor cohort, the simulated PRMT exp-
ression patterns and survival associations
were deliberately adjusted to reflect trends
well-documented in clinical trials of breast,
colorectal, and lung cancer. Existing literature
indicates that high PRMT1 expression in breast
cancer leads to endocrine resistance and poor
survival, while overexpression of PRMT5 in
colorectal and lung cancer leads to aggressive
tumor growth and poor prognosis [35]. The
number of survival hazard ratios observed in
our high FRET methylation index subgroup falls
within the range of studies reported in these
clinical settings, supporting the biological justi-
fication of the simulated results. However, we
need to point out that this consistency valida-
tion provides contextual anchoring, not clinical
validity. Synthetic cohorts may be useful for
methodological development and hypothesis
formation, but they cannot replace prospective
or retrospective studies with real-world patient
populations; thus, we have made conservative
choices in our conclusions and explicitly state
that the FRET biosensor is a research and
translational tool whose clinical application
needs validation in future studies using real
patient samples.

Importantly, the FRET biosensor operates in
living cells and can continuously monitor argi-
nine methylation dynamics under physiological
conditions (including stress response and
drug interference) [36-38]. This real-time moni-
toring capability explains why FRET-derived
methylation indices are higher than those of
MS at higher methylation levels and correlate
better with treatment response and clinical
outcomes.

In conclusion, this study demonstrates that the
modular FRET biosensor is a convenient tool for
real-time, targeted monitoring of protein argi-
nine methylation in living cells. Compared to
traditional methods (e.g., MS, antibody-based
detection), systematic comparison in a synthet-
ic tumor cohort showed it has higher diagnostic
sensitivity, better treatment response predic-
tion accuracy, and significant prognostic value
for PFS and OS. Its modular design enables
application in both isolated experimental sys-
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tems and with various substrates, highlighting
the necessity of monitoring protein arginine
methylation in cancer biology. Regardless of
tumor type, the biosensor-recorded hypermeth-
ylation index is strongly associated with poor
survival; while hypermethylated patients show
significantly improved objective response rates
with PRMT inhibitors, survival benefit only pre-
sented a non-significant trend in this synthetic
cohort. These results suggest real-time meth-
ylation dynamic monitoring can serve as both a
pharmacodynamic and prognostic biomarker
for treatment response, with the biosensor’s
dual nature integrating fundamental molecular
knowledge with clinical decisions. Notably, ob-
served trends from synthetic datasets are con-
sistent with existing PRMT biology, providing a
foundation for future validation in real-world
patient populations. For clinical integration, its
advantages in real-time monitoring, overcom-
ing traditional detection limitations, and seam-
less integration with live-cell imaging systems
are crucial. Future work will focus on validating
biosensor-derived methylation indices in pro-
spective cohorts, integrating calibration analy-
ses, and benchmarking predictive performance
against established clinical risk models. Over-
all, this modular FRET biosensor addresses
long-standing challenges in protein arginine
methylation detection, representing a signifi-
cant breakthrough with broad prospects in pre-
cision oncology, drug discovery, and biomarker
development-critical for advancing molecularly
guided therapies in both research and clinical
practice.
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