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Abstract

Lung cancerremains a leading cause of cancer-related mortality, with heterogeneous outcomes,
underscoring the need for robust prognostic biomarkers. Circulating tumor DNA (ctDNA) enables
detection of actionable mutations and may provide prognostic information; however, many
patients lack detectable alterations, limiting its utility for molecular-based risk stratification. We
analyzed plasma from 617 treatment-naive patients using targeted next-generation sequencing
for ctDNA and immunoassays to quantify circulating H3K27Me3-nucleosomes. Survival analyses
included 514 patients with 28-month follow-up. Elevated H3K27Me3-nucleosome levels were
independently associated with poorer overall survival. Patients with levels <56 ng/mL had
significantly longer survival than those with higher concentrations (26 vs 12 months; p<0.0001),
including in ctDNA-negative patients (29 vs 12 months; p<0.0001). A multivariable Cox model
integrating H3K27Me3, stage, mutation, and age showed good performance (C-index 0.80) and
was validated in an independent cohort. Circulating H3K27Me3-nucleosomes enable clinically
relevant risk stratification at diagnosis, supporting more precise patient management in lung

cancer.



Introduction

Lung cancer remains the leading cause of cancer-related mortality worldwide, accounting for
approximately 2.5 million new cases each year and 1.8 million deaths . The disease is frequently
diagnosed at an advanced stage. Data from the American Cancer Institute (NCI) statistics
indicate that nearly 75% of patients present with locally advanced (~21%) or metastatic (~53%)
disease at the time of diagnosis 2. This late presentation is associated with a poor prognosis, as
five-year overall survival in advanced stages typically ranges from approximately 12% to 55% and
may fall below 10% in the most aggressive forms ¢, largely driven by clinical stage and other
factors such as tumor histology and treatment-modalities.

In light of these poor outcomes and the persistent unmet medical need, advances in the
understanding of the lung cancer biology and molecular heterogeneity have enabled the
development of innovative treatments, ushering in the era of precision oncology and
revolutionizing patient care ’. Tissue-based biomarkers, including PD-L1 expression, mutations
in RAS, ERBB2, EGFR and BRAF; and ALK and ROS1 rearrangements, have profoundly
transformed treatment selection by enabling immunotherapies and targeted agents 8.
Consequently, molecular profiling is now fully integrated into the routine management of lung
cancer to guide therapeutic decisions for ultimately improving clinical outcomes. More recently,
liguid biopsy approaches offer additional prospects compared to tissue biopsy, as measuring
circulating biomarkers provides a minimally invasive and cost-effective procedure that can be
easily repeated over time. Circulating tumor DNA (ctDNA) analysis by Next-Generation
Sequencing (NGS) or Polymerase Chain Reaction (PCR), have emerged as powerful tools in lung
cancer management, complementing or reducing the need for invasive tissue sampling while
enabling diagnosis ¢, guiding treatment selection '° (e.g. ctDNA profiling can detect EGFR and
ALK alterations to inform the use of appropriate tyrosine kinase inhibitors (TKIs) in EGFR- or ALK-
mutant non-small cell lung cancer (NSCLC) patients), and can capture emerging resistance

mechanisms during therapy ''2 and minimal residual disease (MRD) monitoring 3. While



potential benefits of ctDNA analysis are promising, they are not without limitations. Among
these, negative ctDNA results represent an inability to detect circulating tumor material, either
because of the low sensitivity of the technique or because the ctDNA does not contain any
detectable mutations. Indeed, about 30-50% of NSLC patients don’t have common, actionable
mutations when tested with comprehensive molecular profiling methods . Therefore, while
predictive biomarkers have transformed therapeutic decision-making '°, the identification of
reliable prognostic markers is still lacking. Such tools are essential to better stratify patients by
risk, anticipate clinical evolution, and tailor interventions beyond current standards '°.
Prognostic biomarkers could guide dynamic clinical decision-making by identifying low-risk
patients suitable for watch-and-wait strategies and high-risk individuals who may benefit from
early imaging, treatment escalation, or clinical trial enrollment. This risk-adapted approach
advances precision oncology toward proactive, biology-informed care supported by clinical
decision-support frameworks.

Epigenetic biomarkers offer a powerful means to capture additional layers of tumor biology
beyond genomic alterations, thereby addressing the complexity and heterogeneity that limit the
current precision oncology approaches. ctDNA methylation assays have demonstrated the
ability to identify the tissue of origin and to classify tumors based on CpG island methylation
profiles . Beyond DNA methylation, other epigenetic biomarkers have emerged. Histone post-
translational modifications (PTMs) carried by nucleosomes (DNA wrapped around histone core
proteins) represent critical regulators of chromatin structure and gene expression. Among these,
the tri-methylation of lysine 27 on histone H3 (H3K27Me3), is a well-established epigenetic mark
associated with gene silencing and transcriptional regulation '®'°. This mark plays a crucial role
in tumorigenesis, cell cycle progression, and dysregulated proliferation 2°. H3K27Me3 is
catalyzed by the Polycomb repressive complex 2 (PRC2), whose catalytic subunit, Enhancer of
zeste homolog 2 (EZH2), mediates the trimethylation of histone H3 at Lysine 27 and deposits this

repressive mark on the promoters or enhancers of target genes 2"%2. The resulting modification



recruits PRC1, leading to chromatin compaction and transcriptional repression 232,
Dysregulation of specific PTMs, such as methylation patterns of lysine 9 and 27 on histone H3
have been associated with tumor heterogeneity and resistance to targeted therapies 7.
Histone PTMs are increasingly recognized as clinically relevant biomarkers, while also
representing attractive pharmacological targets, thereby expanding the molecular toolkit for
lung cancer management. Importantly, the integration of epigenetic biomarkers into
personalized medicine frameworks holds promise for refining patient stratification and
treatment selection. When combined with longitudinal molecular and clinical data, these
biomarkers may further support to the development of emerging “digital twin” models, enabling
dynamic representation of the tumor biology to guide individualized therapeutic,
immunotherapeutic, and surveillance strategies.

In a previous study, circulating H3K27Me3-nucleosome was demonstrated to complement
ctDNA analysis by enhancing the reliability of negative molecular results at the time of diagnosis
2 _|n this real-life study, we evaluated the potential of the baseline level of circulating H3K27Me3-
nucleosomes as a prognostic biomarker for overall survival and risk stratification of patients with
lung cancer. The measurement of H3K27Me3-nucleosomes provides prognostic information
that complements ctDNA analysis. Furthermore, we developed and validated a Cox proportional
hazards (CPH) model that integrates these two biomarkers with key clinical covariates (age and

cancer stage) to predict survival which is suitable for implementation in routine clinical practice.



Results

Circulating H3K27Me3-nucleosomes associate with cancer stage in a well-defined real-world
study cohort

All 617 analyzed samples came from treatment-naive patients, either with suspected or
confirmed cancer at the time of inclusion, and for whom both ctDNA profiling and H3K27Me3-

nucleosome measurement were available (Figure 1).
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Figure 1: Flowchart of the study population analysis. The association between H3K27Me3-nucleosome
levels and disease severity was assessed on the overall cohort. Survival analyses were conducted on 514
patients with a minimum follow-up of 8 months. The Cox proportional hazards model was developed on

382 lung cancer patients with available cancer stage.

Within the overall cohort, the distribution of patients according to clinical stage of the disease at
the time of inclusion is as follows: (1) suspicious imagery (n = 34, 6%), (2) localized to locally-
advanced cancer (stage I-lll; n =130, 21%), (3) metastatic cancer (stage IV; n =331, 54%), and (4)
cancer with undetermined stage (n =122, 20%) (Table 1). Patient distribution by NGS technology:
Plasma-SeqSensei (n=231, 37%), a custom comprehensive panel (n=189, 31%), and a custom
targeted ultra-deep assay (n=197, 32%) was equivalent and corresponded to the sequential
implementation of NGS technologies in the laboratory during the recruitment period. By the end
of the follow-up period, 369 patients (60%) were alive (overall survival [OS], 21.8 months), among

the entire cohort.



Table 1: Study population characteristics and distribution by disease stage and NGS type.

Overall patients (n=617)

Age atinclusion (mean +/-SD) 73.3 (x12.5)

Disease stage n %
Suspicious imagery 34 6%
Stage I-llI 130 21%
Stage IV 331 54%
Cancer with undetermined stage 122 20%

NGS type n %
PlasmaSeqSensei, Sysmex 231 37%
Custom comprehensive panel, SOPHIA Genetics 189 31%

Custom targeted ultra-deep

197 32%
technique, SOPHiA Genetics
Mean follow-up (mean +/- SD) 12.6 (= 10.0)
Survival - Yes (n, %) 369 60%
Restricted mean survival times (RMST in months) 21.8

We examined the association between H3K27Me3-nucleosome levels and disease severity
(Figure 2). Median H3K27Me3-nucleosome concentrations increased across groups: Healthy
(n=201; median 11.5 ng/mL), Suspicious Imagery (n=34; median 12.9 ng/mL), Stage I-lll (n=130;
median 16.0 ng/mL), Stage IV (n=331; median 28.7 ng/mL), and cancer with undetermined stage
(n=122; median 39.1 ng/mL). Between-group differences were assessed on log-transformed

H3K27Me3-nucleosome levels and were significant overall (Kruskal-Wallis: H=342, df=4, P<1e-



04, g%= 0.416). Post hoc pairwise comparisons confirmed a progressive increase with advancing
stage, with significantly higher levels in Stage I-Ill than in Healthy controls (p = 2.5 x 10™'%), and
were further increased in Stage IV relative to both Stage I-Ill (p = 3.4 x 10'8) and Healthy controls
(p=2.9x 10'61). The suspicious imaging group showed levels comparable to those observed in
patients with stage I-lll disease, whereas the undetermined stage group exhibited levels similar

to those of stage IV patients (all comparisons not statistically significant).
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Figure 2: Circulating H3K27Me3-nucleosome levels increase with lung cancer stage. Box
plots show histone H3 lysine 27 trimethylation (H3K27Me3)-nucleosome levels increasing across five
groups: Healthy, Suspicious Imagery, lung cancer Stage I-lll, lung cancer Stage 1V, and lung cancer with
Undetermined stage. Groups sharing the same letter are not significantly different, whereas groups with
different letters differ at p < 0.05 (multiple comparison adjusted). Box plots display the median (center line)

and interquatrtile range (IQR; box), with whiskers extending to 1.5% the IQR.



We also compared H3K27Me3-nucleosome levels in function of the ctDNA status of the patients.
Patients were classified as ctDNA negative (ctDNA-) in the absence of detectable pathogenic
somatic alteration, and as ctDNA positive (ctDNA+) when at least one somatic pathogenic
alteration was identified. ctDNA- patients had significantly lower H3K27Me3-nucleosome levels
than those who were ctDNA+ (median = 20.4 vs 29.5 ng/mL respectively, p-value = 3.99*10°)

(Sup. Figure S1).

Survival analysis demonstrates that circulating H3K27Me3-nuclesomes can be a powerful
prognostic and risk-stratification biomarker

Survival analysis was performed on 514 evaluable patients with a minimum follow-up of 8
months (Figure 1). To facilitate cross-method comparability, a uniform sensitivity threshold of
0.5% variant allele frequency (VAF) was imposed across allthe NGS methods. This harmonization
does not reflect the higher analytical sensitivity of the custom ultra-deep assay (0.1% VAF), but it
allowed results to be pooled and used for survival analyses. In the Plasma-SeqSensei cohort,
TP53 was not assessed and was therefore considered ctDNA-. Overall, among the 514 evaluable
patients, 330 (64%) were classified as ctDNA-, whereas 184 (36%) harbored at least one somatic
alteration and were classified as ctDNA+ (Table 2). Stage distribution differed according to ctDNA
status but showed substantial overlap across subgroups (Table 2). Among patients with localized
or locally advanced disease (stage |-l1l, n=106), 86.8% were ctDNA- (92/106). Metastatic disease
(stage IV) was present in both ctDNA groups: 51% of stage IV patients were ctDNA- (141/276), and
49% were ctDNA+ (135/276). When examining stage composition within each ctDNA subgroup,
all disease stages were represented. In the ctDNA- group (n=330), patients were distributed
across all disease stages, including 42.7% with stage IV. A comparable stage distribution was
observed in the ctDNA+ group (n=184), although the proportion of metastatic cases was higher

(73.4%) (Table 2).



Table 2: Characteristics

of the survival analyses

cohort, stratified by ctDNA status and

ctDNA mutation group.
Age at Disease stage Mean follow-
Survival analysis set
inclusion up
(n=514) Suspicious Cancer with
(mean +/- SD) Stage |-l Stage IV (+/-SD)
Imagery undetermined stage
ctDNA - (n=330) 73.2(x12.5) 27 92 141 70 16.1(+ 10.3)
ctDNA + (n=184) 72.6 (+12.3) - 14 135 35 10.5(+9.2)
EGFR
73.5(+10.9) - - 23 9 17.0(+10.3)
(n=33)
ctDNA+ KRAS
69.7 (+ 13.4) - 4 48 10 9.9 (+9.5)
(classified (n=61)
by mutation TP53
73.1(x11.7) - 6 41 7 7.5(x5.7)
type)* (n=54)
Other
76.5 (+11.6) - 4 23 9 10.1(x9.7)
(n=36)

*Patients harboring multiple ctDNA mutations were assigned to a single category according to the following priority:

EGFR > KRAS ~> TP53 > Other

The ctDNA+ group was subsequently subdivided into four molecular subgroups based on

predefined priority order (EGFR, KRAS, TP53, and other mutations). The proportion of patients

with stage IV disease was maintained across these subgroups. Notably, no cases of localized or

locally advanced cancer (stage I-11l) were observed in the EGFR subgroup.

Building on these findings, we assessed the ability of H3K27Me3-nucleosomes to stratify patients

by mortality risk. To this end, we systematically scanned potential concentration cut-off and

applied log-rank tests across different subgroups of our cohort. In the patients eligible for survival




analysis (n=514), an optimal cut-off value of 56 ng/mL of H3K27Me3-nucleosome significantly
separated patients into two groups: a group below the cut-off (orange; n = 382) and a group equal
or above it (green; n = 132) (log-rank P = 9.4*10%3; HR = 3.43, 95% CIl 2.62-4.47) (Figure 3A). This
H3K27Me3-nucleosome threshold was associated with marked survival differences as reflected
in RMST values: 21.9 months for the below 56 ng/mL group and 10.9 months for the 256 ng/mL
group, while the unstratified cohort (grey) showed an RMST of 19.1 months (Figure 3A).

We next examined survival by ctDNA status (Figure 3B). ctDNA- patients (blue; n = 330) had
higher survival and longer RMST (21.5 months) than ctDNA+ patients (red; n = 184; RMST = 14.4
months), with a significant log-rank difference (log-rank P = 1.9*10"°; HR = 2.30, 95% CI 1.77-
2.99). Interestingly, when we applied H3K27Me3-nucleosome optimal cut-off method within
each ctDNA stratum, subgroups with significant different survival probabilities were identified
(Figure 3C and D). Among ctDNA- patients, an optimal cut-off of 57 ng/mL H3K27Me3-
nucleosome identified two groups with significantly different survival probabilities: patients with
circulating H3K27Me3-nucleosome concentrations below 57 ng/mL have significantly better
survival (light blue; n = 265; RMST = 24.2 months) compared to the group of patients with a
H3K27Me3-nucleosome levels equal or above 57 ng/mL (dark blue; n = 65; RMST = 10.9 months,
log-rank P = 1.0*10%°, HR = 5.07 (95% CI 3.48-7.38) (Figure 3C). Notably, the group = 57 ng/mL
comprised 19.7% of the total ctDNA- patients, indicating that H3K27Me3-nucleosome marker
can uncover a substantial “high-risk” subset within an otherwise favorable ctDNA- category. Both
risk groups included patients from all cancer stage groups as shown in Supplemental Table S1.
In parallel, an analysis in ctDNA+ patients identified an optimal cut-off of 123 ng/mL that
separated “low-risk” (< 123 ng/mL, light red; n = 154; RMST = 15.8 months) and “high-risk” (= 123
ng/mL, dark red; n = 30; RMST = 7.3 months) subgroups with log-rank P = 1.1*10% and HR = 2.65

(95% Cl 1.69-4.17) (Figure 3D).
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Figure 3: Analysis of H3K27Me3-nucleosomes cut-offs enhances survival stratification
across ctDNA status groups. (A) Optimal H3K27Me3-nucleosome cut-off value of 56 ng/mL
classifies overall patients in two different mortality risk groups: patients with H3K27Me3 levels below
the optimal cut-off (orange) have higher survival probabilities (restricted mean survival time [RMST] =21.9
months) than patients with H3K27Me3 levels above the optimal cut-off (green; RMST=10.9 months). In grey,
Kaplan-Meier (K-M) for all patients independent of the H3K27Me3-nucleosome levels (RMST= 19.1
months). (B) Distinct survival probabilities between ctDNA- and ctDNA+ patients: significant higher
survival probabilities were observed in ctDNA- patients (blue; RMST= 21.5 months) compared to ctDNA+
patients (red; RMST= 14.4 months). In grey, K-M for all patients independent of the ctDNA status (RMST=
19.1 months). (C) Optimal H3K27Me3-nucleosome cut-off value of 57 ng/mL classifies ctDNA-
patients in two groups with different survival outcomes: ctDNA- patients with H3K27Me3 levels below
the optimal cut-off (light blue) have higher survival probabilities (RMST=24.2 months) compared to patients
above the optimal cut-off (deep blue; RMST= 10.9 months). In grey blue, K-M for all ctDNA- patients,
independent of the H3K27Me3-nucleosome levels (RMST= 21.5 months). (D) Optimal H3K27Me3-
nucleosome cut-off value of 123 ng/mL classifies ctDNA+ patients in two groups with different
survival outcomes: Higher survival probabilities (RMST= 15.8 months) were observed for ctDNA+ patients
with H3K27Me3 levels below the optimal cut-off (light red) compared to those above (deep red; RMST=7.3
months)). In pink, K-M for all ctDNA+ patients, independent of the H3K27Me3-nucleosome levels (RMST=

14.4 months). For each panel, the between-group comparison (log-rank test p value, hazard ratio [HR], and



95% confidence interval [Cl]) and the number of patients at risk are reported. Tick marks indicate censored

individuals.

We next evaluated clinically defined subgroups, establishing optimal H3K27Me3-nucleosome
cut-off values according to cancer stage and ctDNA mutation (EGFR, KRAS, TP53, and other
mutations) (Sup. Figures S2 and S3). As observed previously, across all clinical and molecular
subgroups, H3K27Me3-nucleosome levels above the cut-off were systematically associated with
significantly worse outcomes.

Taken together, these results demonstrate that circulating H3K27Me3-nucleosome levels provide
clinically meaningfulrisk stratification for overall survivalin the study cohort and retain significant

prognostic value within the ctDNA-negative subgroup.

H3K27Me3-based Cox model stratifies risk at diagnosis and predicts survival probabilities at 30
months

Given the strong prognostic value of circulating H3K27Me3-nucleosome, we developed a Cox
proportional hazards (CPH) model to estimate survival at diagnosis. Although the optimal cut-off
varied across molecular and clinical strata (Figure 3; Sup. Figure S2, and Sup. Figure S3), we used
the cohort-wide cut-off (56 ng/mL; = vs <) to ensure model interpretability and facilitate clinical
implementation. The final model included four routinely available covariates: (i) H3K27Me3-
nucleosome concentration, (ii) cancer stage (I-lll vs IV), (iii) ctDNA molecular profile (ctDNA- vs
EGFR vs KRAS vs TP53 vs Other mutations) and (iv) age (per year).

The model development and validation are summarized in Figure 4A. Analysis included patient
with complete data and =28 months of follow-up (n=382) randomly split into training set (70%; n =
267, events = 125) for model development and held-out test set (30%; n = 115, events = 47) for
final evaluation, maintaining strict train/test separation throughout. Model training used nested,
stratified 5-fold cross-validation, and subsequent calibration were performed as described in

Methods. Full model parameters are provided in Supplemental Table S2.



With the model fixed, performance was evaluated on the held-out test set. Time-dependent
discrimination was consistently high, with AUC(t) values of 0.879, 0.888, 0.841, 0.876, and 0.777
at 6, 12, 18, 24, and 30 months, respectively (Sup. Figure S4A). Calibration remained acceptable
over time, with an integrated Brier score of 0.146 between 3 and 30 months (Sup. Figure S4B).

Crucially, these characteristics translated into answers to two routine clinical questions at
diagnosis: i) Can | stratify a new patient in low- or high-risk mortality group? ii) Can | predict his
survival probabilities in different time points? Using the pre-specified calibrated 30-month
mortality risk threshold (calculated during development), patients were stratified into Low- (n=55)
or High-risk (n=60) of dying groups. These groups showed clearly separated K-M curves (P =
2.8x10-9; HR =7.39, 95% CI 3.43-15.90), distinct restricted mean survival times (Low-risk = 27.4

months; High-risk = 13.4 months) and a Harrell’s C-index of 0.80 (Figure 4B).



MHested CV on TRAIN Fit final model on TRAIN
Train 7% (n=267) = Outer K-fold; inner calib {y, Hg) = it Gox; calibrate on TRAIN (y, Hy)
Eventz = 125 - Calibratad rigk@@30m-+fold cutoff « Chooas TRAIN cutoffi20m
. COF predictions (calibiated)
= Fieaze modle + threshold
Initial cohort
n=382) Pradiciors:
. Evaluate on TEST H3K27Me3 cut-off 56ngimL </ =)
Train 70% (n=115) = KMfiog-rank/HR Cancat stags {1111/ 1V)
Evante = 47 « Calib & 8-30m; .
. AUC/Briar ctDNA mutation (ctDMA- F EGFR f KRAS / TPS3 / Other)
Age (per year)

B
Empirical Kaplan-Meier curves of model
predicted risk groups
1-m : L Er
i
£ ors
5
32
g os0
2
E 0.25
7 3
0.00
0 10 20 30 40
Time (months)
MNumber at risk
Low Risk (predicted group) 54 44 25 5 0
High Risk (predicted group) 1 25 12 3 0

Figure 4: Cox proportional hazards model development description. (A) Overall workflow and
predictors used for the model development. (B) Model performance on the held-out test setindicated
accurate risk stratification at diagnosis and reliable prediction of 30-month survival probabilities.
Kaplan-Meier (K-M) survival curves for predicted Low-risk (turquoise; restricted mean survival time [RMST]
= 27.4 months) and High-risk (salmon; RMST= 13.4 months) groups in the held-out test set, showing
significantly different survival probabilities (log-rank P = 2.8*10°%, hazard ratio [HR] = 7.39, 95% confidence
interval [Cl]: 3.43-15.90). The number of patients at risk is reported below the plot. Tick marks indicate

censored individuals.



The model also provided patient-level survival probabilities at clinically relevant time points (6-
30 months), which closely matched empirical K-M estimates within each risk group (difference of

mean predicted and empirical probability < ~0.12 across horizons) (Table 3).

Table 3: Predicted vs empirical survival probabilities at fixed horizons times (6-30 months).

Time Spredicted Spredicted S empirical
Group n Diff mean Risk pred Risk KM
(months) median mean K-M
Low Risk 6 54 0.92 0.92 0.98 -0.07 0.08 0.02
High Risk 6 61 0.63 0.71 0.59 0.04 0.37 0.41
Low Risk 12 54 0.87 0.88 0.96 -0.09 0.13 0.04
High Risk 12 61 0.51 0.59 0.47 0.04 0.49 0.53
Low Risk 18 54 0.8 0.81 0.91 -0.11 0.2 0.09
High Risk 18 61 0.36 0.42 0.37 -0.01 0.64 0.63
Low Risk 24 54 0.76 0.77 0.91 -0.14 0.24 0.09
High Risk 24 61 0.31 0.35 0.27 0.04 0.69 0.73
Low Risk 30 54 0.73 0.74 0.64 0.09 0.27 0.36
High Risk 30 61 0.27 0.3 0.24 0.03 0.73 0.77

Foreach group (Low/High) and time point (6, 12, 18, 24, 30 months), the table reports the mean and median
of the individual predicted survival probabilities (S predicted), alongside the calculated Kaplan-Meier
survival estimate (S empirical K-M, 95% Cl) at the same time horizon; diff mean is the difference between
(S predicted mean) - (S empirical K-M); Risk pred and Risk K-M are the predicted and empirical cumulative

event probability given by the formula 1—-(S predicted mean) and 1-(S empirical K-M) respectively.

Together, these results show that the model maintains clear risk separation at every horizon while

providing numerically faithful survival estimates.



External validation of the locked model confirms preserved discrimination and clinical risk
stratification

In the external validation cohort, the locked CPH model stratified patients into predefined Low-
and High-risk groups with significantly different survival across the entire follow-up (Figure 5). K-
M analysis demonstrated lower survival probabilities in the High-risk group (log-rank P=7.0 x 10
% HR = 2.1, 95% CI 1.36-3.36). At 30-months, survival time was reduced in High-risk compared
to Low-risk patients (RMST = 8.7 vs 14.8 months). Discrimination based on the continuous linear
predictor yielded a Harrell’s C-index of 0.62 (95% CI 0.56-0.67). Importantly, between-group
differences remained statistically significant, confirming the transportability of the model to an

external cohort.

External validation: Kaplan-Meier curves of
developed-model predicted risk groups
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Figure 5: External validation of the locked Cox model. External validation of the locked Cox model.
Kaplan-Meier survival curves in the independent validation cohort for patients classified as low risk (blue;
restricted mean survival time [RMST] = 14.8 months) and high risk (orange; RMST = 8.7 months), showing
clear separation between the two groups (log-rank P = 7.0*10%, hazard ratio [HR] = 2.1, 95% confidence
interval [Cl]: 1.36-3.26). The number of patients at risk is reported below the plot. Tick marks indicate

censored individuals.



Overall, although discrimination was attenuated compared to internal validation, clinically
meaningful risk stratification was preserved, with predefined risk groups remaining well
separated and exhibiting significant differences in overall survival and restricted mean survival

time.

Translation of the multivariable Cox model into a clinically applicable nomogram

Our multivariable Cox proportional hazards model was translated into a points-based homogram
for clinical usage. The nomogram assigns points to each predictor in direct proportion to its Cox
coefficient and scales the largest partial effect to 100 points. Continuous variables (e.g. age) are
displayed on linear axes, so that moving from the lower to upper bound contributes up to 100
points. Categorical variables (H3K27Me3_concentration, Cancer stage, ctDNA mutation group)
are shown as tick marks; the reference level yields 0 points, and each non-reference level
contributes points according to its coefficient sign and magnitude. For any patient, points from
all predictors are summed on the ‘Total Points’ ruler and then projected downward to (i) the linear
predictor (LP) scale and (ii) survival-probability rulers at 6, 12, 18, 24 and 30 months. Thus, a
patient with H3K27Me3-nucleosome below the cut-off (0 points), Stage=IV (33.2 points),
Mutation=EGFR (38.3 points), and Age=85 years (76.1 points) totals 147.6 points, corresponding
to LP= 1.00799 and predicted survival probabilities of S(6)=79.5%, S(12)=69.7%, S(18)=55.2%,
S(24)=48.8% and S(30)=43.6%. Figure 6 includes the individual predictor axes, the total-points

ruler, the LP ruler, and time-specific survival rulers to facilitate bedside use.
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Figure 6: Nomogram for predicting the overall survival probability up to 30 months at

personnel level.

Discussion

Lung cancer is characterized by marked biological heterogeneity, underscoring the urgent need
for robust prognostic biomarkers capable of refining risk stratification and guiding clinical
decision making beyond current clinicopathological standards. Conventional stratification
tools—such as TNM classification or cancer stage, and age—combined with molecular profiling
have significantly advanced prognostic modeling but still fall short of capturing inter-patient
variability in tumor behavior and microenvironmental complexity ?°. Consequently, there is

sustained interest in biomarkers capable of integrating multi-dimensional biological information,



to achieve truly personalized patient management. While ctDNA-based assays have emerged as
valuable prognostic tools in NSCLC, their clinical utility remains limited by incomplete
representation of tumor heterogeneity, challenges in interpreting negative results, and
substantial technical and cost-related constraints *°. These limitations highlight the need for
complementary, biologically informative, and clinically feasible circulating biomarkers.

In this context, we investigated circulating H3K27Me3-nucleosomes as a prognostic circulating
biomarker that bridges biological relevance and clinical feasibility. As circulating carriers of both
genetic and epigenetic information, H3K27Me3-nucleosomes reflect key features of tumor
biology, including cellular turnover, and tumor burden. Importantly, their measurement using a
standardized, immunoassay-based approach enables cost-effective, rapid, and reproducible
assessment, making them particularly attractive for integration into routine clinical workflows.
Previous study has demonstrated the added value of H3K27Me3-nucleosomes when combined
with molecular profiling, notably for the detection of circulating tumor material at diaghosis and
for minimal residual disease monitoring 28. Our findings extend this concept by demonstrating
that H3K27Me3-nucleosome levels provide incremental prognostic value at diagnosis, beyond
established clinical and molecular variables, supporting their role as complementary biomarker
within a multimodal prognostic framework.

Importantly, circulating H3K27Me3-nucleosomes levels were associated with both cancer stage
and mortality, independently of molecular profiling. This observation suggests that H3K27Me3-
nucleosomes capture biological features not fully reflected by current genomic assays,
potentially integrating signals related to tumor burden, chromatin dynamics, or
microenvironmental processes. Rather than duplicating genomic information, H3K27Me3-
nucleosome appears to add a distinct layer of prognostic stratification. From a clinical
perspective, the consistent association observed across clinical and molecular subgroups
supports the potential utility of H3K27Me3-nucleosomes as a broadly applicable prognostic

biomarker, including in settings where comprehensive genomic testing is limited or inconclusive.



Consistent with this concept, H3K37Me3-nucleosome levels were associated with overall
survival in newly diagnosed lung cancer patients and improved risk discrimination and model
performance when combined with molecular profiling. Indeed, patients with H3K27Me3-
nucleosome levels below 56 ng/ml exhibited significantly longer mean survival compared with
those with higher concentrations. More interestingly, this survival advantage persisted and
appeared even more pronounced among ctDNA-negative patients. In patients without detectable
actionable driver mutations found in blood or tissue analysis, therapeutic decision-making
currently relies exclusively on histopathological classification and disease stage, as no validated
biomarkers are available to further refine risk stratification. Notably, this population represents a
substantial proportion of lung cancer patients: in metastatic disease, approximately 50% of
patients lack identifiable actionable driver alterations, depending on the population studied and
the comprehensiveness of molecular testing, and similar proportions are likely observed in stage
lll disease, although comprehensive NGS profiling is not systematically performed in routine
practice at this stage %"*2. Consequently, standard treatment approaches are applied uniformly
within stage-defined categories, including perioperative chemo-immunotherapy for resectable
stage Il NSCLC and chemotherapy with or without radiotherapy for inoperable disease, as well
as adjuvant immunotherapy for patient treated with chemoradiotherapy. In this context, our
findings position H3K27Me3-nucleosome as a novel biomarker that provides additional
prognostic discrimination beyond conventional clinicopathological parameters, with the
potentialto refine risk stratification and support more personalized treatment decisions. Notably,
quantification of H3K27Me3-nucleosome levels enables further stratification of ctDNA-negative
patients - a subgroup often considered analytically uniform due to the absence of detectable
plasma-based molecular alterations. However, the lack of detectable ctDNA does not
necessarily reflect biological uniformity, and our results suggest that epigenetic circulating
biomarkers may uncover clinically relevant heterogeneity within this population. Elevated

H3K27Me3-nucleosome levels in this group were associated with significantly worse survival



outcomes, independent of disease stage, highlighting the potential of this biomarker to identify
high-risk patients who may benefit from treatment intensification and/or closer longitudinal
monitoring. Consistent trends were also observed in the ctDNA-positive subgroup, which overall
exhibited higher H3K27Me3-nucleosome levels. Within this group, patients with nucleosome
concentrations above 123ng/mL experienced particularly unfavorable outcomes, further
supporting the prognostic relevance of H3K27Me3-nucleosome levels across distinct molecular
contexts.

While H3K27Me3-nucleosome alone demonstrates meaningful prognostic value, its utility can
be further contextualized when interpreted alongside established clinical and molecular
parameters. Integrating these variables into multivariate Cox proportional hazards models,
together with clinicopathological features, enables more refined risk stratification and supports
increasingly personalized management strategies in lung cancer. In this framework, H3K27Me3-
nucleosome was consistently identified as a key independent prognostic biomarker for overall
survival. Beyond statistical significance, this survival modeling approach facilitates translation of
H3K27Me3-nucleosome measurements into clinically actionable information at the time of
diagnosis. The model integrates H3K27Me3-nucleosome with routinely available parameters,
including disease stage, ctDNA mutational status, and age, to estimate patient prognosis and
guide management decisions. First, it enables robust risk stratification of newly diagnosed
patients into low- and high-risk mortality groups based on their estimated hazard potentially
informing treatment intensity, follow-up schedules, and selection for intensified or experimental
therapeutic approaches. Second, it allows estimation of individualized survival probabilities
across clinically relevant time horizons by combining the effect of H3K27Me3-nucleosome with
baseline hazard estimates. Survival probabilities can thus be predicted at specific time points
(e.g., 6,12, up to 30 months survival) providing a more nuanced and patient-centered prognostic
assessment than categorical risk classification alone and may facilitate patient counseling and

shared decision-making at diagnosis. The ability of H3K27Me3-nucleosomes to inform both



relative risk (hazard ratio) and absolute survival probabilities underscores their potential value as
a clinically meaningful and interpretable biomarker.

Several limitations of this study should be acknowledged. First, biomarker assessment was
performed at a single time point at diagnosis, precluding evaluation of longitudinal changes
during treatment and follow-up. While this baseline-focused design reflects current clinical
practice for initial risk stratification, future studies incorporating repeated measurements will be
essential to investigate the dynamic prognostic value of H3K27Me3-nucleosome over the disease
course. Second, inclusion in the multivariable prognostic model required complete data for all
four parameters, leading to the exclusion of patients with missing information. This requirement
may represent a practical limitation, as comprehensive staging may still be ongoing at diagnosis,
and ctDNA molecular profiling is not systematically performed in routine practice. In addition,
ctDNA detectability may vary depending on the sequencing panel and analytical approaches
used, particularly with respect to sensitivity and specificity. Importantly, however, H3K27Me3-
nucleosome levels alone demonstrated meaningful prognostic value across patient subgroups,
supporting clinical utility even in settings where complete molecular and clinicopathological
information is not available. Third, the absence of detailed clinical and pathological data
restricted comprehensive adjustment for potential confounders and preclude full assessment of
the representativeness of the study population. In particular, incomplete staging information
resulted in a subset of patients with undetermined stage, thereby preventing precise evaluation
of stage distribution. However, patient recruitment across centers may mitigate concerns
regarding potential selection bias. Nevertheless, external validation in independent cohorts and
longitudinal studies will be essential to confirm the robustness and clinical utility of this
biomarker within a precision medicine framework.

Finally, the nhomogram developed in the present study provides a user-friendly and clinically
interpretable tool for estimating individualized survival probabilities by integrating H3K27Me3-

nucleosome levels with routinely applied prognostic factors, including disease stage, ctDNA



mutational status, and age. While currently designed for use at diagnosis, this tool could be
further refined into a dynamic prognostic model enabling risk recalibration throughout follow-up,
supporting efforts toward data-driven personalized medicine. Such an approach would enable
clinicians to monitor temporal changes in prognostic classification, detect shifts in risk in
response to therapy, and better capture disease evolution. Beyond its immediate clinical
applications, the consistent prognostic performance of circulating H3K27Me3-nucleosome
suggests that this biomarker could represent a promising candidate for integration into future
computational patient-modeling frameworks. Within such evolving approaches, circulating
nucleosomes may contribute to more adaptive and individualized decision-support strategies in
lung cancer care.

In this study, we demonstrate that H3K27Me3-nucleosome levels measured at diagnosis provide
incremental prognostic informationfor overall survival in patients with lung cancer. This
biomarker offers clinically relevant information to refine risk stratification—particularly among
ctDNA-negative patients—and may support informed clinical decision-making. Beyond baseline
prognostication, integration of H3K27Me3-nucleosome into nomogram-based models offers a
pragmatic framework for individualized and potentially dynamic risk prediction. From a precision
medicine perspective, such adaptive prognostic tools may help guide treatment strategies,
enable longitudinal risk reassessment during follow-up, and ultimately support

morepersonalized management of lung cancer.

Methods

Population Study

We included 617 patients followed between 2022 and 2024 at the Pulmonology Department of
Lyon University Hospital and collaborating centers across France. This non-interventional study
was conducted as a sub-study from CIRCAN Il study approved by the Scientific and Ethics

Committee of Hospices Civils de Lyon (Etude RNIPH CIRCAN Il n°25-5099) and was conducted



in accordance with the Declaration of Helsinki. Blood samples were collected at initial clinical
evaluation from treatment-naive patients. Healthy control samples (n=201) were provided by the

French blood agency “Etablissement Frangais du Sang,” as previously described by Grolleau et
al. 28, An independent dataset including 120 samples from patients recruited from the same
centers between 2017 and 2022 (Etude RNIPH NUCLEO_CIRCAN n°22-5065) was used as an
external validation cohort for the Cox Proportional Hazards (CPH) model. Survival was measured
according to dates of death from publicly available records of the French National Statistics

Institute, INSEE.

Blood sampling and pre-analytical processing

All blood samples were collected in K2-EDTA tubes and centrifuged within 6 hours after blood
collection for 10 min at 1600x g. The supernatant was centrifuged a second time at 6000 g for 10
min. The plasma was then aliquoted and stored at -80 °C until cfDNA extraction and nucleosome

analysis.

Cell free DNA extraction and library preparation

Cell-free DNA (cfDNA) extraction was performed following the manufacturer’s instructions using
either the QlAamp Circulating Nucleic Acid Kit (ref 55114, Qiagen, Valencia, CA, USA) with a
Qiagen vacuum manifold, or Maxwell cfDNA plasma kit (ref AS1840, Promega, Charbonniéres-
Les-Bains, France). CfDNA samples were quantified using Qubit™ dsDNA HS Assay Kit (32854,
Invitrogen, Carlsbad, CA, USA) and Qubit™ 4 Fluorometer (ref Q33238, Invitrogen, Carlsbad, CA,

USA).

DNA sequencing
For PlasmaSeq-Sensei panel, an optimal cfDNA input of 36ng (min 5 -max 100 ng) was used to

generate libraries with Plasma-SegSensei™ NSCLC RUO kit (Sysmex Inostics GmbH, Hamburg,



Germany) as described previously 2. The assay covers somatic variants in BRAF, EGFR, KRAS,
and PIK3CA genes (see Supplemental Information). The sensitivity is 0.1%.

For the custom comprehensive panel, libraries were manually prepared with an optimal cfDNA
input of 50ng (min 6 - max 150 ng) using a custom capture-based technology provided by SOPHIA
GENETICS (Lausanne, Switzerland) according to the manufacturer’s instructions as previously
described *. The custom comprehensive panel covers 86 genes involved in cancer (including
EGFR, TP53 or KRAS, see Supplemental Information). The sensitivity is 0.5%.

For the custom ultra-deep targeted panel, an optimal cfDNA input of 25ng (min 3 — max 32 ng)
was used to manually prepare libraries according to manufacturer’s instructions with a custom
capture-based technology provided by SOPHIA GENETICS (Lausanne, Switzerland). The ultra-
deep targeted panel covers 27 genes and enables the detection of somatic alterations and
structural variants (see Supplemental Information). The sensitivity is 0.2% or more than 30
unigue molecules.

All libraries were sequenced on short read Illumina technology (Illumina Technology, San Diego,
CA, USA)in 2 x 150 paired-end runs for libraries prepared with SOPHIA GENETICS’ chemistry, and
in single end (1 x 148) for PlasmaSeq-Sensei’s libraries.

Identification of the somatic alterations was performed using Sysmex Inostics software (Plasma
SeqSensei IVD Software v1.1.7) and the Sysmex Inostics’ bioinformatics pipeline for PlasmaSeq
Sensei assay, with a limit of detection of VAF at 0.1%. For the two other custom assays provided
by SOPHIA GENETICS, the bioinformatics analyses were performed using the SOPHIA DDM
platform. Respectively, the limits of detection validated internally were VAF 0.5% and 0.1% for the

custom comprehensive panel and custom ultra-deep targeted assay.

Quantification of H3K27Me3-nucleosomes
All samples were tested using Nu.Q® H3K27Me3 ChLIA immunoassay (Belgian Volition SRL,

Isnes, Belgium) according to the manufacturer’s instructions. This sandwich immunoassay,



based on chemiluminescence technology, was performed using the IDS-i10 automated
immunoanalyzer system (Immunodiagnostic System Ltd., Boldon, UK). Briefly, K2-EDTA plasma
samples were centrifuged at 14 000g for 2 min and 50 pL of plasma were incubated with
acridinium ester labeled anti-nucleosome detection antibody. Magnetic particle beads coated
with anti-histone modification H3K27Me3 monoclonal capture antibody were added. After
washing, trigger solutions were added, and the light emitted by the acridinium ester was
measured using the luminometer. The results were reported in relative light units, and the
concentration (in ng/mL) was extrapolated using four-parameter logistic regression based on a

reference standard curve.

Statistical Analysis

All analyses were performed in R (version 4.4.1; R Foundation for Statistical Computing). If not
otherwise mentioned, tidyverse (v2.0.0) was used for data wrangling and visualization;
ggplot2/ggpubr (v4.0.0/v0.6.1) for box plots and p-value annotation; rstatix (v0.7.2) for
non-parametric tests and label positioning; FSA (v0.10.0) for Dunn post-hoc tests;
multcompView (v0.1.10) for compact letter displays; and survival (v3.8.3)/survminer (v0.5.1) for
time-to-event analyses. Two-sided p-values < 0.05 were considered statistically significant
unless otherwise specified. Where applicable, 95% confidence intervals (Cl) are reported.

Data preprocessing

Continuous variables were inspected for outliers and distributional properties. Unless otherwise
noted, continuous predictors were summarized as median (interquartile range, IQR) and
compared between groups using non-parametric tests. Categorical variables were summarized
as counts (percentages). Missing data were handled by complete-case analysis (i.e.,
observations with missing values for the variables involved in a given analysis were excluded from
that specific analysis). When applicable, biomarker values were log-transformed (log10) prior to

analysis for visualization and rank-based testing.



Box plots and group comparisons

For two-group comparisons, the Wilcoxon rank-sum test (Mann-Whitney U) was computed with
rstatix::wilcox_test(). For comparisons involving three or more groups, the Kruskal-Wallis test
was first applied; when the global test was significant, post-hoc pairwise comparisons were
conducted using Dunn’s test with Bonferroni adjustment for multiple testing (FSA::dunnTest()).
For multi-group displays, Bonferroni-adjusted pairwise p-values were summarized as compact

letter displays (multcompView::multcompLetters())

Survival analysis (Kaplan-Meier) and Optimal cut-point exploration

Time-to-event outcomes were analyzed using Kaplan-Meier (K-M) estimators. Survival time was
defined as the interval (in months) from [index time point] to [event/censoring]. The data-cut date
for censoring was [15-09-2024], to include patients with at least 8 months of follow up period
from the day of the analysis. Patients without event by the data cut date were right censored at
their last follow up.

K-M curves were generated for predefined clinical subgroups and visualized with
survminer::ggsurvplot(). Between-group differences were assessed with two-sided log-rank tests
using survival::survdiff() 34%¢. Median survival (95% CI) and restricted mean survival time (RMST;
prespecified horizon) were reported when estimable using survRM2::rmst2. The RMST horizon
was fixed at 30 months and chosen a priori based on follow-up distribution (truncation at the
minimum of the largest observed event time across groups) ¥,

Optimal cut-off was identified using maximally selected log-rank statistics
(maxstat::maxstat.test) 3**'; patients were then classified as low/high risk subgroups and K-M
curves reestimated. Effect sizes were quantified via univariable Cox models (CPH), reported as
hazard ratios (HR) with 95% CI. Median survival with 95% confidence intervals was reported when
estimable. Proportional-hazards' assumptions were assessed using Schoenfeld residuals

(cox.zph); no material violations were detected for the reported univariable contrasts, or results



were interpreted descriptively where diagnostics were inconclusive. RMST over a prespecified

horizon was additionally summarized for interpretability.

Predictive model development and validation

Model development

Reporting of the multivariable prediction model followed the Transparent Reporting of a
multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD) guidelines (see
Supplemental Information). We implemented a fully reproducible, calibrated CPH modeling
pipeline with strict separation between training and held-out test data. The prespecified model
included four predictor covariates: (i) H3K27Me3-nucleosome level (256 vs <56 ng/mL), (ii)
cancer stage (I-lll vs IV), (iii) blood mutation status (ctDNA-negative, EGFR, KRAS, TP53, or other),
and (iv) age (per year). Patients with undetermined cancer stage were excluded, yielding a final
cohort of 382 patients for model development.

The dataset was randomly split (70/30) into a training set and an independent held-out test set
using afixed random seed. Reference levels for categorical predictors were defined in the training
set and propagated unchanged to the test set. The training set met predefined requirements for
sample size (n=267; required n =248), number of events (ne = 125; required ne = 116), and events
per predictor (EPP =17.9; required EPP = 16.6), as determined using pmsampsize(type ="s"). The
held-out test set comprised n = 115 individuals with ne = 47 events, providing sufficient
information to estimate model performance with acceptable precision.

The prespecified CPH model was evaluated via 5-fold stratified outer cross-validation on training
data only. In each outer split, the Cox model was fit, the baseline cumulative hazard H,(t) was
derived, and calibrated survival was obtained using a one-parameter slope recalibration y (from
coxph{Surv ~ 11}, where nis the linear predictor) together with a recalibrated baseline
HS?\(t), yielding S = exp{-HS?!(t) exp(y 1)} . Risk at t, = 30months defined a fold-specific

high/low threshold via surv_cutpoint (minimum group proportion 0.20; quantile fallback). After



cross-validation, a final Cox model was fit on all training data, recalibrated on a fixed 40% training
subset to estimate ysng@and Hi"8'(t), and a single training-based cut-point at tywas re-estimated
for classification %44,

On the held-out test set (no refitting), time-dependent discrimination and calibration were
quantified using riskRegression::Score function applied to the final recalibrated Cox model with
metrics = c("AUC","Brier"), a grid from 3 to 30 months in 3-month steps, K-M censoring
(cens.model = "K-M"), and no resampling (split.method = "none") **’. The area under the time-
dependent Receiver Operating Characteristic (ROC) curve AUC(t) and the Brier score
Brier(t) were summarized over time; the integrated Brier score (IBS) was computed by
trapezoidal integration of Brier(t) over the evaluated domain, normalized by its length. K-M
curves for the final high/low groups were displayed with a risk table. Discrimination was assessed
by a log-rank test, univariable Cox hazard ratios (HRs, 95% Cls; reference = low-risk) and Harrell’s
C-index. RMST was computed at a common, data-bounded horizon t=min{to,mingmax(follow-
up in group g)}, using survRM2::rmst2 and log-rank p, HR (95% CI), and RMST were annotated.
Agreement between predicted and empirical survival was summarized by comparing calibrated
S(t) with S (t) 6,12, 18, 24, and 30 months. Independent seeds controlled the split, outer-fold
allocation, inner/final calibration sampling, and cut-point search; altering the calibration or cut-
point seeds changes y, H,(t), and/or the threshold, but not the composition of the held-out test
cohort

External validation

External validation was conducted in an independent cohort not used at any stage of model
development, tuning, calibration, or cut-point selection. The finalized Cox proportional hazards
model, including fixed coefficients, baseline hazard, and risk threshold, was applied without
refitting. Model transportability was primarily assessed through predefined risk stratification,
using K-M survival analysis to compare high- and low-risk groups. Between-group discrimination

was evaluated using the log-rank test, univariable Cox hazard ratios with 95% confidence



intervals (reference: low-risk group), and Harrell’s C-index. RMST was estimated at 30 months for
both risk groups. Calibration was examined by comparing predicted survival probabilities with

empirical K-M estimates at clinically relevant time points.
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