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Radiotherapy is administered to 70% of breast cancer patients, but late complications such as

breast fibrosis remain a significant clinical concern. Individual variability significantly influences
radiosensitivity, underscoring the need for predictive biomarkers suitable for clinical application. We
evaluated five assays using blood samples from 22 matched pairs of treated breast cancer patients,
including one female who developed fibrosis grade Il or higher and a female who did not. Matching
was performed accounting for treatment type, tumor characteristics, and other variables. The assays
included y-H2AX detection, radiation-induced apoptosis evaluation, and cytogenetic analysis by
chromosomal instability testing, and assessment of radiation-induced damage in GO- and G2- phase
lymphocytes. The results indicated that patients who developed fibrosis presented significantly lower
values in the G2 assay and higher values in the chromosomal instability test. The G2 assay evaluates
the integrity of the G2/M checkpoint, while the chromosomal instability test measures chromosomal
instability through crosslink sensitivity. In contrast, the other evaluated tests did not discriminate
between groups. Considering the cohort and the variability in all tests, our results suggest that G2
assay and chromosomal instability test would be robust predictors of radiotherapy-induced breast
fibrosis. Validation in a larger retrospective or prospective study is necessary.

Radiotherapy (RT) is a common treatment for cancer patients, used in nearly 50% of all cancer cases'. In the case
of breast cancer, this figure can rise to as much as 70% of treated patients®. The primary objective of the treatment
is to eradicate tumor cells by inducing cell death and inhibiting their proliferation’. While RT can be used alone,
it is often combined with chemotherapy, hormone therapy, or immunotherapy to enhance therapeutic efficacy.
Despite the numerous benefits of the RT, it can also affect non-tumor tissues. Nowadays, technological advances
have made it possible to improve the therapy by maximizing locoregional irradiation directed to the tumor,
minimizing damage to normal tissue and thus reducing side effects*. Nonetheless, RT patients still experience
side effects in normal tissues in 5-10% of the cases, with a detrimental impact on their quality of life’.

These side effects can be classified into acute and late effects of radiation toxicity. Acute side effects are related
to inflammatory processes or early tissue damage; late side effects include fibrosis, vascular damage, necrosis, or
even secondary neoplasia, which are usually irreversible®’. Late toxicity, the most severe form, can appear months
or even years after the end of treatment, and appears in 15% of treated patients>°. Individual radiosensitivity
influences the response to treatment, including the occurrence of acute and late radiotoxic effects!’. Differences
in radiosensitivity have been observed among cancer patients, even when they receive similar treatments''.
These differences may be related to various clinical factors, such as age at the time of treatment, total radiation
dose, and additional treatments such as chemotherapy, hormone therapy, or immunotherapy. Additionally,
comorbidities and lifestyle factors, such as tobacco use, diabetes mellitus, or obesity, may contribute to differential

1Unit of Biological Anthropology, Department of Animal Biology, Plant Biology and Ecology, Universitat Autbnoma
de Barcelona, 08193 Cerdanyola del Vallés, Cerdanyola del Vallés 08193, Spain. 2Radiobiology and Cancer, Institut
d'Investigacio Biomédica de Bellvitge (ONCOBELL-IDIBELL), Hospital Duran i Reynals, Gran Via de I'Hospitalet,
199- 203, Hospitalet de Llobregat, Barcelona 08908, Spain. 3Radiation Oncology Department, Institut Catala
d'Oncologia, Gran Via de I'Hospitalet, 199-203, Hospitalet de Llobregat, Barcelona 08908, Spain. “Clinical Sciences
Department, Facultat de Medicina i Ciéncies de la Salut, University of Barcelona, Hospitalet de Llobregat, Barcelona
08908, Spain. *Atrys Health, Provenza 392, Barcelona 08025, Spain. ®Atrys Health, Principe de Vergara 132, Madrid
28002, Spain. “email: Francesc.Barquinero@uab.cat

Scientific Reports | (2026) 16:1366 | https://doi.org/10.1038/s41598-025-31033-x nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-31033-x&domain=pdf&date_stamp=2025-12-2

www.nature.com/scientificreports/

radiosensitivity. Although genetic factors are estimated to account for approximately 80% of the variability in
individual radiosensitivity'>"'4, the underlying mechanisms responsible for this variability remain unclear.

Identifying patients with high radiosensitivity prior to the initiation of RT could enable clinicians to design
more personalized treatment plans by adjusting the total radiation dose, irradiated volume, or even considering
alternative approaches, thereby enhancing the quality of life of cancer patients.

Given the challenge of predicting individual radiosensitivity in the context of personalized medicine, several
studies have proposed potential biomarkers to support the development of more tailored RT treatments>!>~18,
Most of these studies are based on the hypothesis that cellular radiosensitivity assessed ex vivo can be
extrapolated to reflect a patient’s intrinsic radiosensitivity, thereby reinforcing the relevance of investigating
these potential biomarkers!>!°-22. Although many studies have evaluated different biomarkers, the findings
remain controversial, and no reliable method for estimating the individual radiosensitivity has been clearly
established to date>!°. Therefore, the aim of this study is to evaluate five biomarkers with strong potential to
differentiate between patients who are more susceptible to developing side effects from RT from those who
are not. These biomarkers include: the y-H2AX assay to assess DNA damage induction and repair, radiation-
induced apoptosis, the diepoxybutane (DEB) chromosome instability test, and cytogenetic analysis of radiation-
induced chromosomal aberrations following irradiation at GO and G2 cell cycle phases.

Results

In this study, 22 pairs of patients were evaluated. However, for some tests, the number of metaphases was
insufficient, or the results were clearly invalid. When this happened, the paired patient was also removed from
the analysis. For this reason, the number of patient pairs may vary between tests.

Radiation-induced damage: dicentric assay

The yield of dicentric chromosomes was evaluated in 21 pairs of matched patients in non-irradiated and
irradiated samples. In the fibrosis group, the background frequency ranged from 0 to 0.1 dicentrics per cell, with
a mean of 0.026+0.006 (mean +standard deviation). Similar results were obtained in the non-fibrosis group,
with dicentric yield ranging from 0 to 0.09, with a mean of 0.026 +0.005. No correlation was observed between
the elapsed time from the end of RT to sample collection and the frequency of dicentrics. The frequency of
radiation-induced dicentrics was also evaluated after 2 Gy irradiation of GO lymphocytes. For this assay, 13
matched patient pairs were analyzed. For the fibrosis group, the frequency of dicentrics per cell ranged from
0.35 to 0.71, and the mean frequency was 0.47 £0.03, and in the non-fibrosis group, the frequencies ranged from
0.23 to 0.67, and the mean was 0.43 £0.03. No statistical differences between the two groups of patients were
observed with these data. To address the potential confounding effect of those dicentrics remaining from the RT,
G, lymphocyte radiosensitivity for each patient was calculated by subtracting the baseline dicentric frequency
from that observed after 2 Gy irradiation (Fig. 1). For the fibrosis group, the frequency of dicentrics per cell
ranged from 0.33 to 0.66, with a mean of 0.45 +0.03. In the non-fibrosis group, the frequency ranged from 0.22
to 0.63, with a mean of 0.40 +0.03, values slightly lower but not statistically different to the one observed in the
fibrosis group (p=0.17, Mann-Whitney test).
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Fig. 1. Frequency of radiation-induced dicentrics, obtained by subtracting the basal level of dicentrics from
those observed after 2 Gy irradiation. Open circles represent individual values in the fibrosis group, with
amean (+SE) of 0.45 +0.03; the coefficient of variation for this group was 20.71%. Grey circles represent
individual values in the non-fibrosis group, with a mean (+ SE) of 0.40 +0.03; the coeflicient of variation for
this group was 29.55%.
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Radiation-induced damage: G2 assay

The effect of radiation was also evaluated by irradiating the lymphocytes in their G2 phase; in this case, the
chromosomal aberrations considered were chromatid breaks and gaps. This irradiation was performed to carry
out the G2 assay, which consists of subtracting the yield of radiation-induced gaps and breaks in cultures treated
with caffeine from those observed in cultures not treated with caffeine®. For this test, a total of 17 matched
patient pairs were included. After subtraction, in the fibrosis group, the frequency of breaks and gaps ranged
from 0 to 3.38, with a mean of 1.45 + 0.26. In the non-fibrosis group, the frequencies ranged from 1.14 to 4.32
with a mean of 2.58 + 0.23 breaks and gaps per cell. When both groups were compared (Fig. 2), statistically
significant differences were observed between them (p = 0.003, t-test), indicating that patients with fibrosis
presented significantly lower values in the G2 assay.

DEB-induced damage: chromosome instability test

As previously described, the chromosome instability test was performed by adding DEB to peripheral blood
lymphocyte cultures 24 h after culture set up. The aberrations scored were chromosome and chromatid breaks
and gaps. For this assay, a total of 21 matched patient pairs were included. In the non-fibrosis group, the
frequency of breaks and gaps per cell ranged from 0 to 0.06. with a mean value of 0.03+0.004. In the fibrosis
group, individual values ranged from 0 to 0.16 breaks and gaps per cell, with a mean value of 0.06+0.009.
When the two groups were compared (Fig. 3), a significant difference between the two groups was observed
(p=0.006, Mann-Whitney test), indicating that patients with fibrosis presented significantly higher values in the
chromosome instability test.

y-H2AX assay

For all 22 matched patient pairs, the y-H2AX assay was assessed in non-irradiated samples and 1, 2,4, and 24 h
after 2 Gy irradiation. Although a tendency toward increased fluorescence intensity was observed in the fibrosis
group in both non-irradiated samples and at all evaluated post-irradiation time points, no significant differences
were detected (Fig. 4). When individual values were examined, substantial overlap was observed between the
two groups. Additionally, the fibrosis group exhibited greater variability compared with the non-fibrosis group.

Radiation-induced apoptosis

For this analysis, a total of 18 matched patient pairs were included in the study. Figure 5 shows the percentage
of radiation-induced apoptotic cells obtained by subtracting the background apoptosis values from those
observed in the irradiated samples. As shown, significant differences were observed between the two patient
groups (p=0.017, t-test), indicating that patients with fibrosis presented significantly lower values in the
radiation-induced apoptosis test. The mean percentages of apoptotic cells were 37.86 +4.22 in the fibrosis group
and 52.98+4.31 in the non-fibrosis group. Although the difference in mean values between the groups was
statistically significant, it is worth noting that the range of apoptotic cell percentages was quite broad: from 7.5%
to 60.1% in the fibrosis group, and from 18% to 75.84% in the non-fibrosis group.
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Fig. 2. G2 assay values, obtained by subtracting the frequency of chromatid breaks and gaps observed in
caffeine-treated cultures from those observed in untreated cultures. Open circles represent individual values in
the fibrosis group, with a mean (+ SE) of 1.79 +0.26; the coefficient of variation for this group was 75.39%. Grey
circles represent individual values in the non-fibrosis group, with a mean (£ SE) of 2.58 £0.23; the coefficient of
variation for this group was 36.26%. Difference between groups: **p<0.01.
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Fig. 3. DEB-induced damage. Open circles represent individual values in the fibrosis group, with a mean

(£ SE) of 0.06+0.01; the coefficient of variation for this group was 73.05%. Grey circles represent individual
values in the non-fibrosis group, with a mean (+ SE) of 0.03 £0.004; the coeflicient of variation for this group
was 69.55%. Difference between groups: **p<0.01.
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Fig. 4. Geometric means of the fluorescence intensity (MFI)-FITC of y-H2AX at non-irradiated (N.L), and
1, 2, 4 and 24 h post-irradiation with 2 Gy. Open circles represent individual values in the fibrosis group, and
grey circles represent individual values in the non-fibrosis group. For the fibrosis and non- fibrosis groups
the mean values (+ SE) and coefficients of variation were as follows: in the N.I. samples, 8.77 x 10*+ 6.49 x 10°
and 32.26%, and 7.46 x 10*£3.26 x 10 and 19.08% respectively; at 1 h 1.64 x 10>+ 1.38 x 10* and 39.39%,

and 1.46x 10°+1.03x 10* and 33.05%; at 2 h 1.55x 10°+ 1.34 x 10* and 39.62%, and 1.43x 10°+9.96 x 10°
and 31.93%; at 4 h 1.51 x 10°+ 1.58 x 10* and 47.87%, and 1.34 x 10°+6.30 x 10> and 21.57%; and at 24 h
1.26x 105+ 1.08 x 10* and 40.44%, and 1.18 x 105+ 6.05 x 10> and 24.02%.

Covariates study

Out of the 20 covariates studied, two showed a statistically significant association with fibrosis. Logistic
regression analysis revealed a significant association between tobacco use and post-RT fibrosis (p=0.02). The
estimated coeflicient for tobacco use was 1.52, indicating that smoking increases the likelihood of developing
fibrosis. The residual deviance (55.04) and the AIC (59.90) suggest a moderate model fit. Obesity was the other
covariate significantly associated with fibrosis (p=0.03); the estimated coefficient of 1.61 suggests that obesity
increases the likelihood of fibrosis development. The residual deviance (54.43) and AIC (58.42), indicate a
moderate model fit. Additionally, hypertension showed a near-significant association with fibrosis (p=0.05),
with an estimated coefficient of 1.49, suggesting a potential positive relationship.
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Fig. 5. Percentage of apoptotic cells observed 48 h post-irradiation. Open circles represent individual values
in the fibrosis group, with a mean (£ SE) of 37.86 £4.22; the coeflicient of variation for this group was 47.35%.
Grey circles represent individual values in the non-fibrosis group, with a mean (+ SE) of 52.98 +4.22; the
coefficient of variation for this group was 34.49%. Difference between groups: * p <0.05.

Binomial logistic regression

Covariates identified as differentially distributed between the two patient groups (tobacco use and obesity)
were assessed to determine their contribution to the observed differences in each biomarker. Statistical analysis
included a binary logistic regression model for each potential biomarker to evaluate its role in the fibrosis
development while accounting for the statistically significant effect of covariates. All results showed no evidence
of multicollinearity (VIF < 1.3 and tolerance >0.7).

In the logistic regression model, the G2 assay demonstrated the ability to discriminate between patients with
and without fibrosis after adjusting for covariates, as higher test scores were significantly associated with a higher
probability of belonging to the non-fibrosis group (coefficient=1.33, p=0.02). The model showed a significant
overall fit (x* = 18.77, df=3, p<0.001), with a deviance of 26.95 and an AIC of 34.95, indicating a good fit and
appropriate balance between complexity and predictive capacity.

For the chromosome instability test, it was able to discriminate between patients with and without fibrosis
after adjusting for tobacco use and obesity, showing a negative coefficient (coefficient = —47.68, p=0.021). This
suggests that higher values of this test are associated with a significantly lower probability of belonging to the
non-fibrosis group, that is, a higher risk of fibrosis. The logistic regression model, including the predictor test
and the covariates, showed a significant overall fit (x* = 23.63, df=3, p<0.001), with a deviance of 31.82, and an
AIC of 39.82, indicating a good fit and relative explanatory power.

Thelogistic regression model for radiation-induced apoptosis adjusted for covariates, also showed a significant
overall fit (x> = 15.48, df =3, p <0.001), although with a lower explanatory power (deviance =34.43, AIC=42.43).
In this case, the predictive test did not reach statistical significance (coefficient=0.04, p=0.16), indicating that
this biomarker does not significantly discriminate between the fibrosis and non-fibrosis groups in this model.

Discussion

The individuals analyzed in this study were selected from a larger cohort of breast cancer survivors. In that
cohort, using y-H2AX and apoptosis measurements, we previously suggested that these two biomarkers show
a slight negative correlation?®. However, the present study focuses more specifically on evaluating whether it is
possible to distinguish between patients who developed fibrosis and those who did not. To reduce variability
caused by clinical differences, we adopted a homogeneous cohort approach, composed of patient pairs carefully
matched according to key covariates, such as irradiated breast volume and treatment type, among others. By
matching both the fibrosis and non-fibrosis groups, we aimed to minimize the influence of confounding factors
associated with the development of fibrosis after RT.

Among the factors analyzed, we evaluated the frequency of dicentric chromosomes in peripheral blood
lymphocytes, both at baseline and after ex vivo irradiation at 2 Gy. The dicentric chromosome test is considered
a gold standard for biological dosimetry and has been proposed in several studies as a potential biomarker of
clinical radiosensitivity*>*. However, in our study, neither the baseline frequency of dicentric chromosomes nor
that observed post-irradiation allowed discrimination between radiosensitive and non-radiosensitive groups.
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Although a trend towards higher values was observed in the radiosensitive group after exposure, the differences
were not statistically significant. These results can be explained by the considerable variability among patients and
the relatively small sample size of our cohort, which reduces the statistical power of the analysis. Both fibrosis and
non-fibrosis groups exhibited a mean basal frequency of approximately three dicentrics per 100 cells. This value
is clearly higher than that widely accepted for the non-exposed population, which is about 0.5-1.5 dicentric per
1000 cells””. Following ex vivo exposure to 2 Gy, and after individual baseline subtraction, the mean radiation-
induced dicentric yield was approximately 42 dicentrics per 100 cells. Again, this value is higher than expected;
In a previous study conducted by our group on healthy individuals, peripheral blood lymphocytes irradiated
with 2 Gy exhibited mean dicentric yields of approximately 31 per 100 cells?®. These results are consistent with
other studies indicating that cancer patients often exhibit higher frequencies of chromosomal aberrations in
GO lymphocytes after irradiation compared with healthy individuals?>?*3°.. This elevated radiosensitivity has
been attributed to genetic predisposition or defects in DNA damage repair mechanisms®!. Although our results
suggest that cancer patients tend to exhibit higher levels of dicentrics, no statistically significant differences
were observed between the two evaluated groups. This indicates that the dicentric assay may not be suitable as a
biomarker for predicting late toxicity of RT.

Similarly to the elevated radiation sensitivity after GO exposure, lymphocytes from cancer patients also showed
elevated frequencies of chromosomal aberrations after G2 irradiation?>?. In this case, it was also observed
that this difference could be exacerbated by abrogating the G2/M checkpoint using caffeine?. Interestingly, our
results showed that patients who developed fibrosis after RT tended to have values closer to zero, suggesting
that their G2/M checkpoint may not be fully functional in response to cellular damage, corresponding to a
higher radiosensitivity. In contrast, non-fibrosis patients exhibited higher values, indicating better functionality
of this checkpoint. For this assay, the differences between the two groups were statistically significant, even after
adjusting for covariates, reinforcing the potential relevance of this assay as a predictor of adverse effects. Previous
studies evaluating different adverse outcomes in breast cancer and neck squamous cell carcinoma patients
showed that this assay was associated only with fatigue, but not with dermatitis, pain or pruritus®. In another
cohort of breast cancer patients, no correlation was observed between the presence of acute-radiation dermatitis
and the values obtained using this assay®*. Another important aspect to consider is the considerable overlap
between fibrosis and non-fibrosis patients, which limits the discriminatory power of the assay at the individual
level. This variability suggests that, although the G2-assay shows promise, its clinical application as a standalone
test would require further validation in larger studies, ideally incorporating complementary biomarkers.

The chromosomal instability assay using DEB is a widely used test to detect Fanconi anemia (FA) patients,
who exhibit significantly elevated frequencies of chromosomal aberrations. FA patients show defective repair
of DNA interstrand crosslinks, which require the FA pathway and homologous recombination (HR) repair
mechanisms® 3", This repair deficiency renders FA patients hypersensitive to RT, while FA heterozygotes may
show milder increases in chromosomal aberrations*. Notably, bimodal DEB sensitivity distribution has been
observed in healthy donors, suggesting genetic or epigenetic variability in crosslink repair®. Although the
DEB test has not yet been used to assess chromosomal instability in breast cancer, it has significant genetic
relevance. Several studies have shown that alterations in genes involved in DNA repair such as BRCAI, which
participates in HR, not only confer predisposition to breast and ovarian cancer, but are also associated with
induced chromosomal fragility or an increased response to genotoxic damage?**!. These studies have reported
that biallelic variants in the BRCAI gene can give rise to a phenotype recognized as complementation group S,
clinically situated between FA and Nijmegen syndrome??*’. These findings suggest that patients heterozygous
for this gene, even in the absence of overt syndromic manifestations, may present subclinical alterations in DNA
damage repair. Therefore, the implementation of ex vivo chromosomal instability assays could be useful for
identifying individuals with these characteristics.

In our study, the fibrosis group exhibited nearly a twofold increase in the average level of chromosomal
damage compared with the non-fibrosis group in the chromosomal instability test. This difference remained
statistically significant after adjusting for covariates. It is interesting to note that three of the patients who
developed fibrosis showed chromosomal aberrations values clearly higher than those observed in the rest of
the cohort. Considering that these patients did not exhibit extreme values in any of the other assays evaluated,
we hypothesize that they may be carriers of mutations affecting the above-mentioned repair pathways. After
excluding these three patients and their matched pairs, the comparison between the two groups continued to
show a statistically significant difference (p=0.02). Our results suggest that the observed differences could be
due to possible heterozygous defects in the DNA interstrand crosslink repair pathway, as mentioned previously.

Another biomarker evaluated in the present study was the y-H2AX, a marker of DNA double-strand breaks
by immunofluorescence. This marker is widely used in biological dosimetry studies and has also been tested in
radiosensitivity studies**~*. In our study, the fibrosis group showed non-significantly higher values compared
with the non-fibrosis in both non-irradiated samples and samples irradiated in vitro and evaluated at different
time points. Chua et al. (2014)*” reported significant differences in radiation response at 24 h post-irradiation
among breast cancer patients with adverse effects. In contrast, Brzozowska et al. (2012)® found no significant
differences in y-H2AX levels between prostate cancer patients with or without side effects at different time
points. More recently, a study conducted on pelvic cancer patients found no differences in y-H2AX levels 1 h
after in vitro irradiation; however, at 4 h post-irradiation, patients without adverse effects exhibited significantly
lower y-H2AX levels®®. Another recent study involving prostate and gynecological cancer patients observed non-
significant trend toward a slower y-H2AX decline in patients with severe toxicity and concluded that y-H2AX
decay is not a reliable predictor of late toxicity®. This inconsistency may reflect interindividual variability in
DNA repair kinetics and the absence of standardized endpoints for y-H2AX measurement, which may limit its
usefulness in discriminating radiosensitive patients. Overall, these findings suggest that y-H2AX analysis is not
a reliable or clinically relevant biomarker of radiation-induced toxicity.
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Another biomarker of radiosensitivity evaluated in the present study was the Radiation-Induced Lymphocyte
Apoptosis (RILA) assay>’. Several studies conducted in small cohorts of breast cancer patients have shown that
lower rates of apoptosis are associated with a higher incidence of side effects®*->2These findings were later
validated in a multicentric trial?’. In the present study, our results were consistent with those reported in the
literature: the non-fibrosis group exhibited a mean percentage of apoptosis significantly higher than that of the
fibrosis group. However, the lack of statistical significance observed in the logistic regression model indicates that
the radiation-induced apoptosis test was not able to discriminate between fibrosis and non-fibrosis patients. This
may be partially explained by the methodological design of the study, as our cohort was selected based on clinical
homogeneity and matching was performed according to specific covariates, such as treatment characteristics
and total administered dose. While this strategy improved control of potential confounders, it also reduced
intergroup variability and, consequently, the statistical power to detect significant differences. Furthermore, the
limited sample size (17 matched pairs) further restricted the power of the analysis and may have contributed to a
non-normal distribution of the residuals. In summary, the RILA assay should be evaluated in additional patient
cohorts. The literature indicates that the relationship between apoptosis and prognosis or treatment response in
breast cancer remains controversial, and the lack of prospective studies limits its clinical application as a robust
biomarker. The results at 48 h also showed high interindividual variability in the radiation-induced apoptosis
response, highlighting the importance of considering additional molecular or genetic factors to improve our
understanding of this process.

Mutations in the ATM gene, as seen in Ataxia Telangiectasia (AT), are associated with low radiation-induced
apoptosis and increased radiosensitivity!'>**. In addition, some radiosensitive cancer patients show apoptosis
rates similar to those observed in AT heterozygotes, suggesting that radiosensitivity could be related to inherited
variants in DNA damage response genes, such as ATM, which may contribute to both chromosomal sensitivity
and cancer susceptibility>». Variants in genes such as ATM, ATR, TP53 or CHEK?2, are therefore considered
important biomarkers for identifying DNA repair deficiencies!®>%%

To understand the variability observed across different biomarkers and potential impact of each patient’s
clinical characteristics, a reanalysis of the studied covariates was performed. Two of these covariates, tobacco
use and obesity, were differentially represented between the fibrosis and non-fibrosis groups. Tobacco use has
been described as a contraindicated habit, as it may impair the inflammatory response and tissue healing, and
has also been associated with increased breast tissue fibrosis, potentially exacerbating the adverse effect of
RT*8. Moreover, obesity has been associated with higher likelihood of developing breast fibrosis, as it promotes
collagen deposition and increases tissue stiffness, thereby altering the extracellular matrix composition, making
it more rigid, which can facilitate tumor progression and worsen RT outcomes™,

This study examined radiosensitivity from different perspectives through the simultaneous analysis of
several biomarkers, providing a broader view than that offered in previous studies on this topic. Due to the
controversy surrounding the results obtained with radiosensitivity tests, particularly in breast cancer, this study
was designed using a carefully selected cohort to obtain more reliable and accurate results. Furthermore, since
comparisons were made between two groups of cancer patients and no healthy controls were included, we
applied a more restrictive statistical approach using a binomial logistic regression model, unlike other studies
that used thresholds based on the 90th percentile®. This statistical method allows for more robust results by
assessing the association between biomarker outcomes and the development of breast fibrosis, while controlling
for potential confounding covariates. When comparing the logistic regression results among the potential
radiosensitivity predictive tests, our findings indicate that the G2 assay stands out as the most robust biomarker
for discriminating against fibrosis and non-fibrosis patients. This test showed an independent association with
the absence of fibrosis, even after adjusting for relevant clinical covariates. The chromosomal instability test
also presented a significant association, though with a lower discriminative capacity. In our cohort, radiation-
induced apoptosis did not reach statistical significance in the adjusted model, highlighting its limited predictive
value.

The limited discriminatory capacity of some tests after adjusting for covariates reflects the inherent complexity
of radiosensitivity, a multifactorial trait influenced by diverse biological and clinical factors. Nevertheless, our
findings underscore the importance of continuing to explore integrative and multimodal strategies to improve
the prediction of late radiation toxicity. Future validation in larger prospective cohorts integrating cytogenetic,
molecular, and genomic biomarkers with functional and clinical data, will be essential to develop clinically
applicable predictive tools for RT-induced fibrosis, paving the way for more personalized and predictive models
in RT.

Materials and methods

Patients

In this study, we evaluated the utility of five biomarkers in a homogeneous cohort consisting of 44 female treated
breast cancer patients, forming 22 matched pairs, selected according to clinical criteria (Table 1). Matching was
performed based on age, family history of other neoplasms, clinical characteristics of the breast cancer, and
treatment received, specifically ensuring that patients followed the same RT, hormonal therapy, and chemotherapy
protocols. Additionally, other clinical variables, such as diabetes and obesity were recorded (Table 2). The
study cohort included patients aged between 43 and 71 years. All participants were in complete remission, and
recruitment took place between 3 and 15 years after therapy in the Radiation Oncology Department at Institut
Catala d'Oncologia (ICO), Barcelona, Spain. Anonymized clinical data were collected between September 2024
and February 2025. The cohort was divided into two groups: one consisting of patients who developed severe
fibrosis (grade 2 or higher), referred to as “fibrosis” group; and the other consisting of patients with grade 1 or no
fibrosis at all, referred to as the “non-fibrosis” group.
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Fibrosis (n=22) Non- fibrosis (n=22)
46-71 43-69
Age (years) (56.5) (55.1)
Family history of other neoplasia | 15 15
Tumor characteristics
Tumor histology
T1 7 10
T2 8 7
T3 1 0
Tis (DCIS) 4 5
Unknown 2 0
Nodular classification
NO 10 13
N1 7 5
N2 2 1
cNx 1 2
Unknown 2 1
Clinical stage
I 4 5
1I 9 7
I 2 4
Unknown 7 6
Cancer laterality
Left 13 11
Right 9 11
Treatment
Type of treatment
Surgery
Lumpectomy 20 22
Quadrantectomy 2 0
Radiotherapy (RT) 22 22
Total dose (Gy) 40.05-70.05 (59.32) | 40.5-70 (59.41)
RT start date 2009-2021 2017-2021
RT end date 2009-2021 2017-2021
Boost treatment 15 14
Total dose (Gy) 13.35-20.35 (15.76) | 13.35-20.35 (15.85)
Chemotherapy 13 10
Hormone therapy 18 18
Trastuzumab 4 2

Table 1. Cancer description and treatment of patients with breast cancer. Age and total dose: values indicate
range (minimum-maximum), and the number in parentheses represents the mean. Tumor histology: T1,
invasive tumor measured <2 cm in greatest dimension; T2, tumor measured >2 cm but <5 cm; T3, tumor
measured > 5 cm; Tis (DCIS), carcinoma in situ was confined to ducts or lobules without invasion of the
basement membrane. Nodal classification: N0, no regional lymph node metastasis was identified; N1,
metastases were found in movable ipsilateral level I-II axillary lymph node(s); N2, metastases were found in
fixed or matted ipsilateral axillary lymph node(s) or in internal mammary nodes without axillary involvement;
CNx, regional lymph nodes could not be assessed clinically. Clinical stage: Stage I included small invasive
tumors (T1) with no nodal involvement (NO0); Stage II included tumors >2 cm but <5 cm (T2) or small
tumors with limited nodal involvement (T1-T2, N1); Stage III included locally advanced tumors (T3 or T4)
or extensive regional nodal involvement (N2-N3), without distant metastasis. Unknown, patients with non-

available data.

This study was approved by the Research Ethics Committee of the Bellvitge Hospital and ICO (PRED-RAD,

reference PR044/20). Prior to blood sample collection, all participants provided written informed consent. The
study procedures complied with Good Clinical Practice (GCP) guidelines and were conducted in line with the
principles outlined in the Declaration of Helsinki.

Scientific Reports | (2026) 16:1366 | https://doi.org/10.1038/s41598-025-31033-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

‘ Fibrosis (n=22) | Non- fibrosis (n=22)

Side effects

Breast fibrosis grade

Grade0 |0 10
GradeI |0 12
GradeII |10 0
Grade III | 12 0
Clinical characteristics

Diabetes

Yes 1 1
No 21 21
Hypertension

Yes 9 3
No 13 19
Dyslipidemia

Yes 6 5
No 16 17

Collagenosis

Yes 0 0
No 22 22
Obesity

Yes 10 3
No 12 19

Tobacco use
Yes 15 7
No 7 15

Table 2. Side effects and clinical characteristics of patients with breast cancer. Breast fibrosis grade: 0, no
fibrosis observed; I, minimal fibrosis with mild stromal thickening; II, moderate fibrosis with evident stromal
thickening and some architectural distortion; III, severe fibrosis with dense stromal deposition and marked
distortion of normal breast architecture.

Peripheral blood samples obtention

During a follow-up medical appointment, a peripheral blood sample of 18 mL was obtained by phlebotomy. The
blood was collected in sodium heparin tubes (Vacutest, Arzergrande, Italy) and transported to the Universitat
Autonoma de Barcelona (UAB). For each patient, 6 mL of blood were reserved for blood cultures to perform
cytogenetic studies and 12 mL were used for lymphocyte isolation to carry out the y-H2AX and apoptosis
assays. Lymphocyte isolation was performed using lymphosep™ solution (Biowest, Nuaill¢, France) according
to the manufacturer’s protocol. Once isolated, lymphocytes were diluted in 10.5 mL of Roswell Park Memorial
Institute 1640 medium (Biowest) supplemented with 15% fetal bovine serum (GIBCO, Thermo-Fisher, Eugene,
OR, USA). Then, the lymphocyte suspension was divided into seven different tubes containing 1.5 mL each. Five
of these tubes were used for the y-H2AX assay and two for the apoptosis assay.

Irradiation conditions

Both, whole blood and lymphocyte suspensions were irradiated at room temperature with a '¥’Cs-source
(IBL437C, CIS Bio international, Gif-Sur-Yvette, France) located in a separate building at the UAB campus. Dose
rate ranged from 4.28 to 4.06 Gy-min~! due to the decay of source. During irradiations, International Atomic
Energy Agency recommendations were followed (IAEA, 2011).

Cytogenetic cultures

Background frequencies of chromosome aberrations

For each patient, two cultures of whole blood were set up to determine the background frequencies of
chromosomal aberrations. To do so, 500 pL of whole blood were added to 5 mL of PB-Max Karyotyping (GIBCO)
medium and incubated at 37 °C for 48 h. After 46 h, Colcemid (GIBCO) was added at a final concentration of
0.18 ug-mL~1. Blood cultures were harvested using the standard treatment with hypotonic and Carnoy’s fixative.
Slides were stained with 10% Giemsa (Merck KGaA, Darmstadt, Germany) for 10 min.

Radiation-induced chromosome aberrations

The radiation-induced chromosomal aberrations were evaluated at GO and G2 stages of the cell cycle. For GO, 1
mL of whole blood from each patient was irradiated with 2 Gy, a dose previously used to assess interindividual
variability in both control and occupational exposed populations®®. Blood was then incubated at 37 °C for 2
h. Subsequently, two cultures were established as previously described. To evaluate the radiation-induced
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chromosomal aberrations, the background frequencies of dicentric chromosomes were subtracted to the
radiation-induced dicentric chromosomes frequencies. This analysis was referred to as the dicentric assay.

To evaluate the radiation-induced damage during the G2 phase, two additional cultures were set up and
irradiated with 1 Gy after 72 h of incubation. The dose of 1 Gy was selected in accordance with the methodology
described by Pantelias and Terzoudi'®, which was also followed to assess the efficacy of the G2/M checkpoint
in eliminating the induced damage. Briefly, caffeine at a final concentration of 672 ug-mL™~ ! (Sigma-Aldrich
Quimica, Madrid, Spain), which inhibits the checkpoint, was added in one of these cultures immediately before
irradiation. The individual radiosensitivity parameter was calculated by subtracting the G2 radiation-induced
aberrations in caffeine-treated cultures from those observed without this caffeine treatment. The resulting value
reflected the extent to which the G2/M checkpoint was functional, values close to zero, indicating a defective
checkpoint. After irradiation both cultures were maintained at 37 °C, and 20 min later Colcemid was added at a
final concentration of 0.17 pg-mL" !. Finally, both cultures were harvested after 73 h of incubation, as previously
described. This analysis was referred to as the G2 assay.

Diepoxibutane-induced chromosome aberrations

The analysis on the effect of diepoxybutane (DEB, Sigma-Aldrich) was evaluated by establishing two whole
blood cultures for each donor (500 UL of whole blood mixed in 5 mL of PB-Max Karyotyping medium). After
24 h of culture, DEB was added at a final concentration of 0.09 pg-mL~ 1 and 46 h later Colcemid was added at a
final concentration of 0.18 pg-mL~!. Cultures were harvested after 72 h of incubation. This analysis was referred
to as the chromosome instability test.

Microscope analysis and scoring criteria of cytogenetic slides

The slides were analyzed in a Zeiss Axio Imager Z2 microscope (MetaSystens Hard & Software GmbH,
Atlussheim, Germany) coupled to a Metafer Slide Scanning System V 3.12 (MetaSystems Hard & Software
GmbH). Only metaphases containing 46 centromeres were scored. The number of metaphases evaluated was
100 for all treatments, except for G2 irradiated lymphocytes, where 50 cells were analyzed. All slides were scored
in a blinded manner with respect to patient group. For the basal frequency of chromosomal aberrations and
for chromosomal aberrations induced after GO irradiation, dicentric chromosomes were counted. During the
score, di- and tricentrics were recorded only when their respective acentric fragments were present, and in the
case of tricentrics they were considered as two dicentric equivalents. For chromosome instability and G2 assays,
chromosome and chromatid breaks and gaps were counted. The breaks were scored as chromatid discontinuities
with relocation of the broken segment, or when the discontinuity was wider than the width of the chromatid.
Gaps were defined as chromatid discontinuities showing no displacement of the segment distal to the lesion.

y-H2AX assay
To detect the presence of y-H2AX, isolated lymphocytes were fixed in 2% paraformaldehyde (Sigma-Aldrich)
for 5 min at 4 °C and then cells were centrifuged at 600 g for 5 min. After that, the supernatant was removed, and
70% ethanol was added. The suspension was then kept at =20 °C for at least 2 h. Then, cells were centrifuged at
600 g for 5 min, the supernatant was discarded, and the pellet was resuspended in 1 x PBS and centrifuged again
at 600 g for 5 min. Afterward, 1 x PBS/0.5% Triton X-100 (Sigma-Aldrich) was added and kept on ice for 10 min
for cell permeabilization. Then, cells were washed with 1 x PBS. A blocking treatment was conducted for 30 min
with 1 x PBS/0.1% Tween-20 (Sigma-Aldrich) and 2% of Fetal Bovine Serum (FBS, Life Technologies, Madrid,
Spain). Next, cells were centrifuged and after supernatant removal, they were incubated overnight at 4 °C with
mouse monoclonal anti-y-H2AX (Ser139) antibody (Abcam, Cambridge, UK) diluted 1:500 in 1 X PBS/0.1%
Tween-20/2% FBS. After this first incubation, cells were washed twice with 1 x PBS/0.1% Tween-20 solution,
and a second incubation was done using a secondary anti-mouse goat antibody, labelled with FITC (Invitrogen,
Thermo-Fisher, Eugene, OR, USA) diluted 1:400 in 1 X PBS/0.1% Tween-20/2% FBS. DNA staining was done
with a solution of 1 pL of propidium iodide (PI, 1 mg-mL!) and 1 pL of RNase (1 mg:-mL™') in 1 mL of 1 x PBS.
Analysis of y-H2AX was done using the Cytoflex flow cytometer (Beckman Coulter, Indianapolis, IN, USA)
with two active lasers of 488 nm and 638 nm. To measure the y-H2AX intensity of fluorescence in suspension,
FITC and PI were excited with the 488 nm laser. For each sample, the intensity of approximately 10.000 events was
evaluated and analyzed using the FlowJo vX.0.7 software (FlowJo, Ashland, OR, USA) to obtain the geometric
Mean Fluorescence Intensity of FITC (MFI-FITC).

Radio-induced apoptosis assay with Annexin V/PI

To perform the apoptosis assay in suspension, the Annexin-V-FLUOS Staining Kit (Roche, Barcelona, Spain) was
used according to the manufacturer’s instructions. Lymphocytes were irradiated with 8 Gy and then incubated
at 37 °C for 48 h, after which apoptosis was evaluated. Non-irradiated lymphocytes were also incubated for 48 h
and evaluated in parallel. The allophycocyanin anti-human CD8 + mouse antibody, SK1 clone, (Biolegend, San
Diego, CA, USA) was added to select the CD8 + population. Viable, early apoptotic (EA), and late apoptotic
(LA) (or necrotic) cells were scored by the Cytoflex flow cytometer. The Annexin V positive cells were identified
using the 638 nm laser, and the PI positive cells using the 488 nm laser. For each sample, approximately 50.000
events were counted and analyzed using the FlowJo v.X 0.7 software. Results were normalized by subtracting,
from each patient, the percentage of apoptotic cells observed in non-irradiated samples processed in parallel
with the irradiated ones.

Statistical analysis
Data were analyzed using GraphPad Prism version 8.0.1 (GraphPad Software, Boston, MA, USA), with statistical
significance at p <0.05. First, Shapiro-Wilk and Kolmogorov-Smirnov normality tests were performed to every
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assay. According to these preliminary tests, the unpaired t test was performed to compare the results in the two
evaluated groups (fibrosis and non-fibrosis) in the G2 assay, GO radiation-induced chromosomal aberrations
and apoptosis. Mann-Whitney test was performed for the background levels of chromosomal aberrations, the
chromosome instability test and the y-H2AX assay. Correlation of individual values, either for y-H2AX results
or apoptosis rate, was tested with Spearman test.

To evaluate whether an association exists between presence of fibrosis and the clinical data collected,
multivariate study was conducted with a binomial logistic regression analysis. The covariates included were both
qualitative and quantitative variables. Qualitative variables were tumor type and stage, nodule types, presence
of metastasis, diabetes, hypertension, tobacco use, dyslipidemia, collagenosis, obesity, chemotherapy, hormone
therapy, monoclonal antibody therapy, family history of cancer, laterality of the tumor, type of surgery, and
lymph node involvement. The quantitative covariates included age, total RT dose, and boost dose. Logistic
regression was performed using R 4.2.1 software (R Core Team 2024), with p-value <0.05 considered statistically
significant.

A logistic regression model was applied to evaluate the effect of different covariates on the results obtained
in predictive biomarker tests. The significant covariates included in the model were selected based on their
statistical relevance in the binomial logistic regression. For each evaluated biomarker, model assumptions were
verified, confirming the absence of multicollinearity among covariates (VIF < 2; tolerance values >0.7). Deviance
and AIC were evaluated to assess the quality of logistic regression models, lower values reflecting a better fit
and greater model parsimony. Binomial logistic regression was performed using Jamovi 2.3.28, considering a
p-value <0.05 as statistically significant.

Data availability
Research data are stored in the Catalan Open Research Area (CORA), https://dataverse.csuc.cat/previewurl.xht
ml?token=af5bd692-e2e6-4d7b-b231-5342c109788d.
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