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Abstract: Despite the success of current therapy concepts, patients with advanced non-small-cell lung
cancer (NSCLC) still have a very poor prognosis. Therefore, biological markers are urgently needed,
which allow the assessment of prognosis, or prediction of the success of therapy or resistance in this
disease. Circulating microRNAs (miRs) have potential as biomarkers for the prognosis and prediction
of response to therapy in cancer patients. Based on recent evidence that circulating miR-16, miR-29a,
miR-144 and miR-150 can be regulated by ionizing radiation, the concentration of these four miRs was
assessed in the plasma of NSCLC patients at different time points of radiotherapy by digital droplet
PCR (ddPCR). Furthermore, their impact on patients’ prognosis was evaluated. The mean plasma
levels of miR-16, miR-29a, miR-144 and miR-150 significantly differed intra- and inter-individually,
and during therapy in NSCLC patients, but showed a strong positive correlation. The individual
plasma levels of miR-16, miR-29a and miR-144 had prognostic value in NSCLC patients during or
at the end of radiotherapy in Cox’s regression models. NSCLC patients with low levels of these
three miRs at the end of radiotherapy had the worst prognosis. However, miR-150 plasma levels and
treatment-dependent changes were not predictive. In conclusion, circulating miR-16, miR-29a and
miR-144, but not miR-150, have a prognostic value in NSCLC patients undergoing radiotherapy.

Keywords: non-small-cell lung cancer; circulating microRNAs; radiotherapy; prognosis; digital
droplet PCR

1. Introduction

Lung cancer is one of the leading causes of cancer death worldwide [1]. The survival
rate for non-small-cell lung carcinoma (NSCLC) depends on various factors, such as the
subtype of lung cancer and the stage of disease, with a 5-year survival rate of approxi-
mately 28% (https://www.cancer.net/cancer-types/lung-cancer-non-small-cell/statistics
(accessed on 1 February 2023)). For the treatment of advanced lung cancer, multimodal

Int. J. Mol. Sci. 2023, 24, 12835. https://doi.org/10.3390/ijms241612835 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms241612835
https://doi.org/10.3390/ijms241612835
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-8920-2853
https://orcid.org/0000-0003-3214-8694
https://orcid.org/0000-0003-2002-0271
https://orcid.org/0000-0002-5544-4958
https://www.cancer.net/cancer-types/lung-cancer-non-small-cell/statistics
https://doi.org/10.3390/ijms241612835
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241612835?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 12835 2 of 14

therapy concepts are used, including surgery, radiation and chemotherapy. In the case
of inoperable lung cancer, the current standard therapy is radiotherapy combined with
chemotherapy. Although both therapies have undergone further development in the last
decades and immunotherapy has become a new option for NSCLC patients, a partial
response and acquisition of resistance prevents treatment success, and this disease is still
associated with a very poor patient prognosis (Chen et al., 2020, Lafaze et al., 2023, Zhou
et al., 2023 [2–8]).

Molecular and cellular markers provide additional information regarding the progno-
sis and prediction of the success of or resistance to treatment, which allows an estimation
of the benefit of therapy for NSCLC. In this context, the National Comprehensive Can-
cer Network (NCCN) has recently recommended comprehensive testing of numerous
biomarkers such as ALK, BRAF, EGFR, KRAS, METex14 skipping, NTRK1/2/3, RET, ROS1,
high-grade MET amplification, ERBB2 mutations and PD-L1 in patients with NSCLC [9]. In
particular, liquid biopsies have emerged as a promising tool for the detection of biomarkers
in this disease, and they are valuable for early intervention and personalized treatment
and might improve patient outcomes [10,11]. Liquid biopsies include the patient’s blood,
urine or other body fluids for the detection of biomarkers. An advantage of liquid biopsies
is that they are also minimally invasive compared to traditional tissue biopsies and are
thus more convenient and less risky for patients. Liquid biopsies allow for the analysis of
circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), extracellular vesicles (EVs)
and microRNAs (miRs). For example, the composition of the immune cell subpopulations,
different blood markers and their combinations, such as cytokeratin-19 fragment (Cyfra
21-1), carcino-embryonic antigen (CEA) and neuron-specific enolase (NSE), has a prog-
nostic value for lung cancer [12,13]. In addition, our own studies have identified hypoxic
tumor markers, such as osteopontin (OPN), vascular endothelial growth factor (VEGF)
and carbonic anhydrase IX (CAIX) as prognostic factors in NSCLC with radiation therapy
(RT) [14,15].

Over the last decade, the expression, regulation and function, as well as the clinical
relevance of miRs have been intensively studied in solid cancers, including NSCLC, which
gives further insights into the process of neoplastic transformation, metastases forma-
tion and treatment efficacy. MiRs are small non-coding RNAs that mainly bind to the
3′untranslated region (3′UTR) of mRNA molecules and regulate the post-transcriptional
gene expression of, e.g., oncogenes, tumor suppressors and other key proteins [16]. Nu-
merous circulating miRs have been identified as prognostic and predictive factors for
NSCLC [17–19]. However, the data are not consistent, and sometimes even conflicting,
depending on methodological variables [20]. Therefore, it is strongly recommended that
miRs should be validated in large cohorts and independent studies before they can be
proposed as biomarkers for clinical use [21,22].

In a previous report, miR-29a, miR-150, miR-144 and miR-16 were shown to be reg-
ulated by ionizing radiation. Consequently, they might serve as relevant biomarkers for
radiotherapy. Furthermore, miR-29a and miR-150 were identified in NSCLC patients as
circulating biomarkers that correlated with the delivered RT dose, with an increase in
intracellular levels of miR-29a and miR-150 in NSCLC cells after irradiation, but a de-
crease in exosomes [23]. MiR-29a influenced the expression of numerous oncogenes and
tumor-suppressive activity in solid tumors [24]. In contrast, the role of miR-150 in tumor
progression or tumor suppression is unclear as both oncogenic and tumor-suppressive
effects have been described for this miR in solid tumors [25]. Several studies have shown
that miR-144 affects proliferation, apoptosis and radiosensitivity in tumor cell lines [26–28].
In a meta-analysis, miR-144 was downregulated in NSCLC and correlated with stage,
lymph node metastasis and vascular invasion [29]. Upregulation of miR-144 was also
detected in blood samples from rats, 2 weeks after lung irradiation [30]. Generally, miR-144
acts as a tumor suppressor by regulating the gene expression of numerous key cell proteins
and oncogenes [31]. MiR-16 induced apoptosis and was downregulated in radioresistant
lung cancer cells [32]. A meta-analysis showed that low expression levels of miR-16 were



Int. J. Mol. Sci. 2023, 24, 12835 3 of 14

associated with a poor prognosis in solid cancer patients [33]. In general, miR-16 was de-
scribed as an miR with tumor suppressor functions, was involved in the regulation of MHC
molecules, and was downregulated in blood samples from various tumor entities and in
tumor cell lines [34–36]. To determine the prognostic value of these four selected circulating
miRs, the plasma levels of the miRs were measured in the blood of 178 patients with locally
irresectable NSCLC using digital droplet PCR (ddPCR). Moreover, we correlated the miR
levels at different time points of radiotherapy (prior, during and at the end of radiotherapy)
with each other and with overall survival (OS).

2. Results
2.1. miR Expression Levels—Correlation Coefficients and Influencing Factors

The expression levels of miR-16, miR-29a, miR-144 and miR-150 were analyzed in
455 plasma samples from 178 NSCLC patients (Table 1, Figure 1).

Table 1. Median and mean expression levels of miR-16, miR-29a, miR-144 and miR-150 in 455 samples
from 178 NSCLC patients measured by ddPCR.

Expression Levels [Copies/ng Total miR]

miR-16 miR29a miR-144 miR-150

Median 19,609 1111 5888 872
Mean 71,674 2239 22,620 2210
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Figure 1. (A) Example of separation of positive and negative droplets of miR-150 of a patient sample
using ddPCR. (B) Distribution of expression levels of miR-16, miR-29a, miR-144 and miR-150 in
copies/ng total miRNA in 455 samples from 178 NSCLC patients. Asterisks and circles indicate the
miR expression level of single patients.

Among the four miRNAs, miR-16 exhibited the highest median expression level, with
19,609 copies/ng total miR. In comparison, miR-29a, miR-144 and miR-150 displayed lower
expression levels, with values of 1111 copies/ng total miR, 5888 copies/ng total miR and
872 copies/ng total miR, respectively (Table 1, Figure 1). Specifically, miR-29a, miR-144 and
miR-150 were approximately 19-fold-, 3-fold- and 22-fold-less expressed than miR-16 in
NSCLC patients. The miRNA expression levels (miR-16, miR-29a, miR-144 and miR-150)
exhibited a strong correlation with each other, as evidenced by correlation coefficients (rs)
ranging from 0.79 to 0.90 (p < 0.001) (Table 2).



Int. J. Mol. Sci. 2023, 24, 12835 4 of 14

Table 2. Correlation coefficients (rs) between miR-16, miR-29a, miR-144 and miR-150 plasma levels in
NSCLC patients (n = 455) described by Spearman’s Rho (rs).

miR-29a miR-144 miR-150

miR-16 0.82 ** 0.83 ** 0.81 **
miR-29a 0.85 ** 0.90 **
miR-144 0.79 **

p < 0.001 **.

To assess the relationship between the two different quantification methods, ddPCR
and quantitative real-time PCR (qRT-PCR), a correlation coefficient was determined. The
results indicated a correlation between the miRNA concentrations measured by ddPCR
and qRT-PCR for the four examined miRs, with correlation coefficient (rs) values ranging
from 0.73 to 0.96 (Figure 2).
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Figure 2. Correlation analysis of miR-16 (A), miR-29a (B), miR-144 (C) and miR-150 (D) plasma levels
measured by ddPCR and qRT-PCR in NSCLC patients (n = 30) according to Spearman’s Rho (rs).

In order to address possible bias factors, several factors were examined, including free
plasma hemoglobin (Hb) levels, total miR concentration and duration of sample storage.
The plasma samples were collected over a period of three years, with a median storage time
of 1.6 years and a range of 0.1 to 3.4 years. The Hb value of the study samples had a median
of 0.027 g/L, ranging from 0.0001 to 1.08 g/L, indicating no or low levels of hemolysis.
The median total miR concentration was 8.0 ng/µL, with a range of 0.6 to 101.3 ng/µL.
The correlation coefficients (rs) between hemolysis and miR expression levels or total miR
concentrations and miR expression levels were ≤0.26, suggesting a minor effect on the
analyzed miRs. The correlation coefficients (rs) between miR expression levels and the age
of the samples ranged from −0.28 to −0.45 (Table 3). These findings suggest that these bias
parameters should be checked and might be taken into account in the analysis due to their
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potential impact on the analyzed miRNAs, in order to ensure the validity and reliability of
the results.

Table 3. Correlation coefficients (rs) between miR-16, miR-29a, miR-144 and miR-150 plasma levels
and hemolysis, total miR concentration or duration of sample storage in NSCLC patients samples
(n = 455) according to Spearman’s Rho (rs).

Parameter miR-16 miR-29a miR-144 miR-150

Hemolysis 0.25 ** 0.10 * 0.26 ** 0.11 *
miR-concentration −0.24 ** −0.23 ** −0.26 ** −0.25 **
Duration of sample storage −0.34 ** −0.32 ** −0.45 ** −0.28 **

p < 0.05 *, p < 0.001 **.

2.2. miR-16, miR-29a, miR-144 and miR-150 Plasma Levels Prior to, during and
Post-Radiotherapy Treatment

The plasma levels of miR-16, miR-29a, miR-144 and miR-150 in NSCLC patients
(n = 110) were analyzed over the course of radiotherapy—before radiotherapy (t0), at a
radiation dose of 20 Gy (t1), and at the end of radiotherapy (t2). The results showed that
only miR-150 exhibited a significant decrease in expression levels after 20 Gy (t1) to 82%
(p = 0.04), which was further pronounced at the end of radiotherapy (t2) to 58% (p < 0.001)
(Figure 3D). In contrast, the expression levels of miR-16, miR-29a and miR-144 showed no
significant changes compared to the levels prior to radiotherapy (Figure 3A–C).
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Figure 3. Expression level distribution of miR-16 (A), miR-29a (B), miR-144 (C) and miR-150 (D) in
copies/ng total miR in the plasma of NSCLC patients (n = 110) before radiotherapy (t0), at a radiation
dose of 20 Gy (t1) and at the end of radiotherapy (t2), (p < 0.05 *, p < 0.001 **). Circles indicate the
miR expression level of single patients.
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2.3. miR-16, miR-29a, miR-144 and miR-150 Plasma Levels Prior to, during and
Post-Radiotherapy Treatment

For the OS analysis, blood samples from NSCLC patients were analyzed at different
time points of radiotherapy. A total of 175, 128 and 144 patients were included prior to
RT (t0), after 20 Gy (t1) and at the end of radiotherapy (t2), respectively. The effects of
circulating miRs at different time points of radiotherapy (t0, t1, t2) on OS were assessed
using univariate and multivariate Cox’s regression models adjusted for age, sex and UICC
stage. The median expression levels of miR-16, miR-29a, miR-144 and miR-150 were used
to evaluate their association with OS (Table 4).

Table 4. Median expression levels of miR-16, miR-29a, miR-144 and miR-150 prior to, during and
post radiotherapy.

Median Expression Levels [Copies/ng Total miR]

RT No. of Cases miR-16 miR-29a miR-144 miR-150

t0 175 22,053 1139 5044 1289
t1 128 19,442 1103 7066 917
t2 144 18,109 1164 6210 694

Abbreviations: RT—time point of radiotherapy, No. of cases—number of cases, t0—prior to irradiation, t1—after
irradiation with 20 Gy, t2—at the end of irradiation.

The results showed that the pretherapeutic expression levels of miR-16, miR-29a,
miR-144 and miR-150 had no significant association with OS (Table 5).

Table 5. Univariate Cox’s regression analysis for the association of miR-16, miR-29a, miR-144 or
miR-150 level and overall survival of NSCLC patients prior to radiotherapy.

Univariate Analysis

miR Median Subject
Subgroup RR 95% CI p-Value

miR-16 </≥ <median 1.1 0.78–1.68 0.48
miR- 29a </≥ <median 1.1 0.78–1.68 0.49
miR-144 </≥ <median 1.1 0.76–1.65 0.57
miR-150 </≥ <median 1.2 0.84–1.82 0.28

Abbreviations: RR—relative risk, CI—confidence interval.

However, in the univariate Cox’s regression models, a low level of miR-29a at t1 and a
low miR-144 level at t2 were significantly associated with an increased risk of death (RR = 1.6,
p = 0.04 and RR = 1.6, p = 0.03) (Table 6). In addition, we observed a trend suggesting an
association of low miR-16 and miR-29a levels at t2 with an increased risk of death (RR = 1.5,
p = 0.07 and RR = 1.5, p = 0.08) in univariate Cox’s regression models. Furthermore, in the
multivariate Cox’s regression model adjusted for age, sex and UICC stage, a low miR-144
level was also associated with an increased risk of death (RR = 1.5, p = 0.06).

Table 6. Univariate and multivariate Cox’s regression analysis for the association of miR-16, miR-29a
or miR-144 level and OS of NSCLC patients during and post-radiotherapy.

Univariate Analysis Multivariate Analysis

miR Median Subject
Subgroup RT RR 95% CI p-Value RR 95% CI p-Value

miR-29a </≥ <median t1 1.6 1.02–2.46 0.04 1.3 0.84–2.06 0.23
miR-16 </≥ <median t2 1.5 0.97–2.27 0.07 1.4 0.92–2.17 0.11
miR-29a </≥ <median t2 1.5 0.96–2.22 0.08 1.4 0.94–2.18 0.10
miR-144 </≥ <median t2 1.6 1.05–2.49 0.03 1.5 0.98–2.35 0.06

Abbreviations: RT—time point of radiotherapy, RR—relative risk, CI—confidence interval, t1—at a radiation dose
of 20 Gy and t2—at the end of radiotherapy.
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Kaplan–Meier analyses revealed that of the 144 NSCLC patients at the end of ra-
diotherapy (t2), 46 patients with low levels of all three miRs (miR-16, miR-29a, miR-144)
had a significant reduction in OS compared with the other patients (p < 0.001; log-rank
test) (Figure 4). The relative risk (RR) of this patient group with the worst prognosis was
calculated as 2.0 (CI: 1.3–3.1, p = 0.003) compared to the control group for multivariate
analysis (Table 7). However, no significant associations between miR-150 and changes in
miR-150 expression levels were observed to affect the OS of NSCLC patients.
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Table 7. Multivariate Cox’s regression analysis (adjusted for age, sex and UICC stage) for the
association of a combination of miR-16, miR-29a and miR-144 scores at the end of radiotherapy (t2)
and OS of NSCLC patients.

Multivariate Analysis

miRs Groups Subject Subgroup RR 95% CI p-Value

miR-16, miR-29a Both miRs below
median vs. others

Both miRs below
median 1.7 1.1–2.6 0.02

miR-16, miR-144 Both miRs below
median vs. others

Both miRs below
median 1.6 1.0–2.5 0.03

miR-29a, miR-144 Both miRs below
median vs. others

Both miRs below
median 1.5 0.9–2.1 0.19

miR-16, miR-29a,
miR-144

All three miRs below
median vs. others

All three miR
below median 2.0 1.3–3.1 0.003

Abbreviations: RR—relative risk, CI—confidence interval.

3. Discussion

The use of circulating miRs as biomarkers for detection, prognosis and prediction
in lung cancer has been investigated in several studies [17–19]. In this study, we focused
on evaluating the significance of four specific miRs (miR-16, miR-29a, miR-144 and miR-
150) in NSCLC patients, which have been demonstrated to be important in the context
of radiotherapy both in vitro and in vivo. For example, miR-16 has been found to induce
apoptosis and is downregulated by the WEE1 G2 checkpoint kinase in radioresistant lung
cancer cells [32]. A study has also shown a decrease in miR-29a and miR-150 expression
levels with increasing radiation dose in NSCLC patients [23]. Additionally, miR-144 has
been found to inhibit the proto-oncogene MET, leading to proliferation arrest, apoptosis
and increased radiosensitivity in tumor cells [26–28]. However, it should be noted that
considerable variation and conflicting data exist, particularly in the field of circulating
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miRs, which requires further review and evaluation of their impact in independent studies.
Our study contributes to the existing body of knowledge by investigating the significance
of the expression levels of these specific miRs in NSCLC patients undergoing radiotherapy
at different time points (prior to radiotherapy, after 20 Gy and at the end of radiotherapy).
A meta-analysis showed considerable heterogeneity in irradiation doses for miR analysis
between different studies [37]. Dinh et al. identified the circulating miR-29a and miR-
150 during radiation therapy for non-small-cell lung cancer after 20 and 40 Gy [23]. The
quantification of miRs using qRT-PCR is widely used but is subject to certain limitations.
One of the main challenges is the difficulty in achieving standardized quantification across
different studies due to the use of various controls for normalization. This lack of consis-
tency and agreement among different cancer studies has been highlighted in meta-analyses
of circulating miR studies [38–40]. Consequently, there is still an ongoing search for a
universally accepted and standardized quantification method using qRT-PCR.

To address this challenge, ddPCR has emerged as an alternative method that enables
absolute quantification of the number of miR copies without the need for reference miRs. In
serum samples, the use of ddPCR has demonstrated improved precision, reducing measure-
ment scatter for miR-141 by a factor of seven compared to qRT-PCR [41]. Additionally, a
study conducted by Campomenosi et al. found a strong correlation between qRT-PCR and
ddPCR for various miRs in the serum from NSCLC patients [42]. Notably, ddPCR exhibited
less variability in repeat measurements compared to qRT-PCR [42]. Our investigations
have provided evidence of a significant positive correlation between qRT-PCR and ddPCR
(Figure 2). However, the values of the correlation coefficients ranged from 0.73 to 0.96,
demonstrating a significant difference among the four miRs. Further studies of other miRs,
e.g., the systemic review carried out by Malachowska and coauthors [37], are required to
underline the strong correlation between circulating miRs and radiation overall. Neverthe-
less, the determination of the absolute number of miR copies provides the advantage that
absolute cut-off values for risk assessment can be defined, which are independent from
the individual lab techniques (e.g., selection of the housekeeper gene). In addition, further
studies have demonstrated that ddPCR has the potential to identify miRs with diagnos-
tic and prognostic value [43]. Overall, these results suggest that ddPCR is an excellent
alternative to qRT-PCR for identifying circulating miRs with prognostic significance.

The mean expression levels of miR-16, miR-29a, miR-144 and miR-150 exhibited
significant differences from each other (Figure 1B). However, despite these differences,
there was a strong positive correlation observed among these miRs in NSCLC patients
(Table 2). This correlation suggests the possibility of a similar functional role for these
miRs as tumor suppressors in NSCLC. Indeed, miR-16 downregulation has been reported
in various tumor types, highlighting its potential tumor suppressor role across different
cancer entities [36]. In the context of NSCLC, studies have demonstrated that miR-16 can
induce apoptosis and inhibit the proliferation and migration of NSCLC cells in vitro [44,45].
However, circulating miR-16 has also been used as a reference miR in various studies,
including NSCLC patient studies.

Regarding miR-29a, its downregulation in NSCLC patients has been observed in
multiple studies, highlighting its potential tumor-suppressive role [46,47]. Additionally,
miR-29a has been shown to reduce the activity of the Wnt/β-catenin signaling pathway in
NSCLC cells, which is associated with tumor growth and progression [48]. MiR-144 has
been reported to be downregulated in various tumor entities and has functions as a tumor
suppressor by inhibiting cell proliferation, invasion, metastasis and tumor growth [29,49,50].
MiR-150 has been shown to play a role in inhibiting cancer stem-cell-induced tumorigenesis,
recurrence and metastasis in NSCLC [51].

In our analysis, only the miR-150 plasma levels of all NSCLC patients were associ-
ated with radiotherapy, and decreased significantly during and at the end of radiotherapy
(Figure 3). Consistent with our results, miR-150 was one of four miRs identified in a
meta-analysis by the authors in [37] that correlated significantly with radiation exposure.
However, the decrease or increase in miR-150 levels due the RT does not have any prog-
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nostic value for NSCLC patients. Further studies on different cohorts with larger patient
numbers are required to verify these data.

Consistent with their proposed functional role as tumor suppressors, low plasma
levels of miR-16, miR-29a and miR-144 during or at the end of radiotherapy significantly
correlated or showed a trend of association with an increased risk of death in a univariate
Cox’s regression model (Table 6). Furthermore, NSCLC patients with low plasma levels
of these three miRs at the end of radiotherapy exhibited the highest risk of death in the
multivariate Cox’s regression analysis (Table 7). The OS of patients with a low level of
these three miRs at the end of radiotherapy was significantly decreased (p < 0.001) in the
Kaplan–Meier analysis (Figure 4). The use of tumor-suppressive miRNA mimics or a
reduction in oncogenic miRNAs may be a promising new therapeutic strategy to overcome
resistance to radiation and drugs caused by driver mutations in cancer patients, including
those with NSCLC [52–54].

Taken together with the results of previous studies, our study successfully demon-
strated the importance of selected miRs for radiotherapy. The selected miRs (except for
miR-150) exhibit predictive value at the end of radiotherapy and can identify patients who
may benefit from additional therapy. Several more recent reviews [19,55–58] have listed
numerous other miRs that are important for radiation and chemoresistance in NSCLC.
However, the prognostic and predictive value of these miRs needs to be reassessed in
further patient studies.

4. Materials and Methods
4.1. Patients, Treatment Blood Samples, Hemoglobin (Hb) and Plasma Isolation

From July 2017 to October 2020, a total of 178 patients with local, inoperable NSCLC
who were undergoing radiotherapy were prospectively enrolled in this study. The patient
characteristics and clinical data are presented in Table 8. The inclusion criteria for study
participation were a histologically confirmed NSCLC, age of ≥18 years and no history of
other cancers in the last five years.

For plasma isolation, blood samples were collected from patients with NSCLC using
EDTA plasma tubes (Sarstaedt, Nümbrecht, Germany) at different time points of RT. The
blood samples were centrifuged at room temperature for 10 min at 2000× g, and the
supernatant was collected and stored at −80 ◦C. Plasma samples were examined from all
patients (n = 178) before radiotherapy (t0), from 130 patients who received a radiation dose
of 20 Gy (t1) and from 147 patients at the end of radiotherapy (t2).

To assess the degree of hemolysis in the blood samples, absorbance was measured at
415 nm, 380 nm and 450 nm using a Nanodrop 2000c spectrophotometer (Thermo Fisher
Scientific, Dreiech, Germany). The concentration of free hemoglobin (Hb) was determined
using the 3-wavelength method according to Harboe, using the following formula [59]:

Hb [g/L] = (167.2 × A415 − 83.6 × A380 − 83.6 × A450) × 0.01017

4.2. Total miR Isolation, cDNA Synthesis, qRT-PCR and ddPCR

Total miR was isolated from 250 µL EDTA plasma using the miRNeasy serum/plasma
Advanced Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The
concentration of total miR was analyzed using a NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientific). A concentration of 1 ng/µL of total miR was used for the
cDNA synthesis, which was performed using the miRCURY LNA RT Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The resulting cDNA was stored at
−20 ◦C.
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Table 8. Patient and treatment characteristics of 178 NSCLC patients.

Characteristics Number of Cases (%)

Sex
Female 53 (30%)
Male 125 (70%)

Age Median 69 (range 45–90)

Histology
Adeno-Ca 75 (42%)
SCC 68 (38%)
Others 35 (20%)

Localization
Central 38 (21%)
Peripheral 138 (74%)
Unknown 9 (5%)

Differentiation

Well–moderate 40 (23%)
Poor 50 (28%)
Undifferentiated 1 (0%)
Unknown 87 (49%)

UICC stage

I 20 (11%)
II 14 (8%)
III 61 (34%)
IV 73 (41%)
Unknown 10 (6%)

GTV Median 27.9 mL (range 1.5–1597 mL)
Karnofsky Index Median 80 (range 50–100)

Smoking status
No 12 (7%)
es 112 (63%)
Unknown 54 (30%)

Radiotherapy

Mean total dose 49 Gy (range 6–83 Gy)
+Chemotherapy 84 (48%)
+Immunotherapy 55 (31%)
+Chemotherapy +
immunotherapy 35 (20%)

Stereotactic radiotherapy Yes 52 (29%)
No 126 (71%)

Abbreviations: Adeno-Ca—adenocarcinoma, SCC—squamous cell carcinoma, GTV—gross tumor volume.

For qRT-PCR, the 1:30 diluted cDNA was added to the 2× miRCURY SYBR Green
Master Mix, along with the miRCURY LNA miRNA PCR assay primers (refer to Table 9),
following the manufacturer’s instructions (Qiagen). The qRT-PCR reaction was conducted
using a Rotor-Gene 6000 (Qiagen), as previously described [60]. The total miR concentration
was used for normalization by qRT-PCR.

The ddPCR was determined according to manufacturer’s protocols. The cDNA was
added to ddPCR EvaGreen Supermix (Bio-Rad Laboratories, Feldkirchen, Germany) along
with the miRCURY LNA miRNA PCR assay primers (refer to Table 9). The cDNAs were di-
luted as follows: 1:25 for miR-29a and miR-150; 1:100 for miR-144; and 1:250 for miR-16. The
measurement of positive and negative droplets was carried out using the QX200 ™ Droplet
Reader (Bio-Rad Laboratories). The absolute copy count was calculated based on the droplet
count using the Poisson distribution and the QuantaSoft software (Bio-Rad Laboratories).

4.3. Statistics

All statistical analyses were conducted using the IBM SPSS software package, version
28.0. Differences in numerical data between groups were assessed using the Mann–Whitney
U test or Kruskal–Wallis test. Spearman’s correlation coefficient was used to measure the
strength and direction of association between the two ranked variables. Survival curves
were generated using Kaplan–Meier analysis and the log-rank test was applied to assess
differences. For univariate analyses and multivariate analyses (adjusted for age, sex and
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UICC stage), the Cox’s proportional hazard model was utilized to calculate the hazard ratio
in the analysis of OS. A total of 175, 128 and 142 patients were included for survival analysis
before radiotherapy (t0), after 20 Gy (t1) and at the end of radiotherapy (t2), respectively. A
p-value of less than 0.05 was considered to be statistically significant.

Table 9. Primer order number with name and sequence of the associated miR.

Order Number miR Sequence

YP00205702 hsa-miR-16-5p (miR-16) 5′-UAGCAGCACGUAAAUAUUGGCG-3′

YP00204698 hsa-miR-29a-3p (miR-29a) 5′-UAGCACCAUCUGAAAUCGGUUA-3′

YP00204754 hsa-miR-144-3p (miR-144) 5′-UACAGUAUAGAUGAUGUACU-3′

YP00204660 hsa-miR-150-5p (miR-150) 5′-UCUCCCAACCCUUGUACCAGUG-3′

5. Conclusions

The present study suggests that miR-16, miR-29a and miR-144, but not miR-150, have
prognostic value for patients with NSCLC, during or at the end of radiotherapy. The
combination of different miRs enhances the predictive power. Since reassessment of the
radiobiological relevance is crucial for utilizing circulating miRs as clinical biomarkers, the
impact of these miRs should be assessed in larger, independent cohorts.
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