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Abstract

Purpose: The objective of this study is to investigate the changes in CCNG1 and FDXR gene expression during RT in breast 
cancer patients and associate the observed changes with disease- and therapy-related confounding factors through a non-
randomized, controlled, open-trial clinical study of 57 breast cancer patients.

Materials and methods: Expression of CCNG1 and FDXR were analyzed using quantitative Reverse Transcription Polymerase 
Chain Reaction (qRT-PCR) in leukocytes of peripheral blood samples.

Results: Our findings indicate significant up-regulation of FDXR up to 48h after first RT fraction, with no significant expression 
alterations of CCNG1 at 24h and 48h. Fold changes of CCNG1 were slightly lower (1.13-1.23) than for FDXR (1.49-2.08). RT-
induced FDXR and CCNG1 expression alterations could not be significantly associated with Mean Blood Dose (MBD, estimated 
dose to the blood per fraction), patient age, Total Irradiated Volume (TIV), surgery type, recidive, prior exposure to chemother-
apy, target therapy with Herceptin®, hormone therapy started before RT, presence of HER2-positive neoplasm. At 24h post RT, 
FDXR fold changes were significantly higher in hormone-sensitive neoplasm (1.79±0.9) than in patients without (1.37±0.5). On 
opposite, FDXR fold changes 48h to 24h post RT were significantly higher in patients without p53-positive neoplasm (2.14±1.4) 
than in patients with p53-positive neoplasm (1.57±1.6).

Conclusion: The findings of this study have important implications in understanding the effects of gene expression alteration 
due to RT and its implication and association with other disease- and therapy-related confounding factors.

Citation: Aleksandar E, Katerina T, Aleksandar P, Zlatko J, Nikola V, et al. Association of CCNG1 and FDXR Gene Expression during 
Radiotherapy with Disease- And Therapy-Related Confounding Factors in Breast Cancer Patients. SciBase Oncol. 2023; 1(1): 1001.
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Introduction

According to the WHO’s International Agency for Research 
on Cancer (IARC) GLOBOCAN cancer statistics for 2020, breast 
cancer is the most commonly diagnosed cancer in women 
worldwide, with 2.26 million cases in 2020 (11.7%) and is the 
fifth cause of cancer death with 685,00 deaths (6.9%), after 
lung, colorectal, liver and stomach cancers. Among women, 
breast cancer accounts for 1 in 4 cancer cases and for 1 in 6 
cancer deaths, ranking first for incidence in 159 countries, and 
for mortality in 110 of 185 countries [1]. In men, breast cancer 
is relatively rare, accounting for <1% of all diagnosed cancers. In 
North Macedonia in 2020, there were 988 new cases of breast 
cancer (59.8 persons per 100,000) and 316 (16.7 per 100,000) 
breast cancer-caused deaths [2]. 

Common treatment of breast cancer includes combination 
of surgery, RT with X-rays, chemotherapy and hormone thera-
py, depending on the menopausal status of patient, histologi-
cal cancer type, disease stage, primary tumor grade, Estrogen 
Receptor (ER) and Progesterone Receptor (PR) status and Hu-
man Epidermal Growth Factor Type 2 Receptor (HER2) overex-
pression and/or amplification. According to the ESMO Clinical 
Practice Guidelines, Whole-Breast RT (WBRT) is strongly rec-
ommended after breast-conserving surgery [I,A] [3], as it re-
duces the 10-year risk of any first recurrence by 15% and the 
15-year risk of breast cancer-related mortality by 4%. Addition-
ally, WBRT reduces the 10-year risk of any recurrence by 10% 
and the 20-year risk of breast cancer-related mortality by 8% 
In node-positive patients post-mastectomy [4]. RT doses for lo-
cal and/or regional adjuvant irradiation are 45-50 Gy divided in 
25-28 fractions of 1.8-2.0 Gy, with a typical boost dose of 10-16 
Gy in 2 Gy single doses [3]. Shorter fractionation schemes (e.g. 
15-16 fractions with 2.5-2.67 Gy single dose) have shown simi-
lar effectiveness and comparable side effects as well and are 
frequently [5]. 

 RT is recommended as adjuvant therapy in order to eradi-
cate residual disease and thus reduce local reoccurrence. RT 
causes cancer cell death mainly by Ionizing Radiation (IR)-in-
duced DNA double strand breaks, which trigger cascade of cel-
lular events termed DNA-Damage Response (DDR), including 
damage sensing, signal transduction to the effectors of DNA 
repair, cell cycle arrest and apoptosis induction. Induction of 
genes involved in DDR involves the recognition of DNA damage 
by kinases Ataxia Telangiectasia Mutated (ATM) and ataxia tel-
angiectasia, which leads to Activation of p53 and Rad3-Related 
(ATR), which phosphorylate and activate transcription factors 
responsible for inducing mRNA expression. Main DDR-regulat-
ed transcription factors include p53, Nuclear Factor kappa B 
(NF-kappa B), Breast Cancer-Associated Protein 1 (BRCA1) and 
AP-1 [6]. Moreover, exposure to IR causes alterations in gene 
expression. Response to IR-induced DNA damage is subject of 
intra-individual variations, possibly related to mutations of key 
DDR pathway genes or to the individual capacity to modulate 
the expression of DDR genes after IR exposure [7]. Such can be 
influenced by age, smoking, diabetes, collagen vascular disease 
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and genotype.

Nowadays, follow-up of the progress of RT and prediction of 
outcome early in a treatment regimen is performed by follow-
ing the level changes of various molecular biomarkers. Versatile 
established and emerging biodosimetry approaches are used 
for this purpose. Last decades’ research in the field was mostly 
based on determination based on cytogenetic-based end points 
using Dicentric Chromosomal (DC) aberration assays and micro-
array hybridization assays, electron spin resonance, protein- 
and metabolomic-based methods [8]. Apart from gene expres-
sion biomarkers, novel approaches also include extra-nuclear 
mitochondrial DNA (mtDNA), susceptible to damage due to the 
lack of histone protection and chromatin structure [9].

The possibility to use the relative expression levels of genes 
which respond to radiation in peripheral blood lymphocytes for 
estimation of radiation exposures was introduced many years 
ago, and nowadays is widely employed as superior, time- and 
cost-effective approach in biodosimetry, able to predict ab-
sorbed radiation dose within hours to days after exposure 
[8,10,11]. The ideal radiation biomarker is searched, that should 
provide information of dose and time and should be indepen-
dent of environmental and confounding factors such as age, 
smoking, therapy etc. As ideal radiation biomarker does not ex-
ist, estimation of radiation exposure by identifying and quantify-
ing a group of genes is performed, that are usually up-regulated 
under IR, that represent the “gene signatures” or “metagenes” 
of IR [8,12,13]. IR signatures are mainly consisted of genes regu-
lated by p53 (e.g. PCNA, GADD45, RPS27L, MDM2, SESN1, FDXR, 
and DDB2) and are involved in DNA damage repair, apoptosis 
and cell cycle regulation [14]. FDXR, DDB2 and CCNG1 together 
could be used to determine low doses and could be used to 
study the influence of versatile cofounding factors. Meanwhile, 
PHPT1, FDXR and DDB2 are more specific to high doses estima-
tion with linear fit, good sensitivity and reproducibility [11,15]. 
Other IR-responsive genes include CDKN1A, DDB2, CCNG1 and 
GADD45A. Total Body Irradiated (TBI) patients had up-regulated 
BBC3, FDXR, CDKN1A, PCNA, XPC, GADD45A, DDB2 and POLH, 
with expression decreased in time-dependent manner, being 
consistently higher 6h after irradiation than after 24h for all 
dose tested [16]. FDXR, AEN, DDB, PHLDA3, GADD45A, ZMAT3 
and PCNA were up-regulated and MYC, PFKP and PTGDS were 
down-regulated after ex vivo human whole blood irradiation 
with three different doses (0.56 Gy, 2.23 Gy and 4.45 Gy) [13]. 

The last two decades’ cancer research brought great under-
standing of the transcriptional response in cells to IR exposure, 
revealing complex alterations in expression of specific genes 
depending on radiation dose, dose-rate, radiation quality and 
lapse between stress and analysis [14]. However, the influence 
of other confounding factors including age, blood parameters, 
ionizing radiation dose, previous chemotherapy administration, 
previous surgery etc. remain largely unknown, except of few 
studies [17,18]. The knowledge regarding their involvement in 
gene expression level changes of well-established breast cancer 
biomarkers would reveal valuable insights into gene expression 
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alterations that might not be result of IR. The findings would 
provide implementation of group- or patient-specific RT ap-
proaches, resulting in less side effects and better therapy out-
comes.

From all “metagenes” of IR, the Ferredoxin Reductase (FDXR) 
gene is the best stand-alone biomarker of IR exposure for as-
sessing universal response to DNA damage. Gene for FDXR en-
codes FDXR, a mitochondrial flavoprotein performing transport 
of electrons from NADPH for Cytochrome P450 (CYP-450) en-
zymes, sensitizing cells to oxidative stress-induced apoptosis 
and regulating several iron homeostasis-regulating components, 
among which Iron Regulatory Protein 2 (IPR2) that negatively 
regulates p53 expression [19]. Expression of FDXR is regulated 
by p53, with relatively low level of endogenous expression and 
variability among individuals but high sensitivity to radiation 
exposure [10] and very high levels of fold changes in peripheral 
blood [15]. FDXR has linear, dose-dependent transcriptional ex 
vivo and in vivo up-regulation [7,10,14,15,17]. Statistically sig-
nificant changes from 0.15 Gy to 3.5 Gy were found in FDXR 
expression, along with good linear correlation [17]. FDXR is the 
most accurate gene for providing dose estimates, when com-
pared to BBC3, GDF15, TNFSF4, BAX, GADD45A, CDKN1A and 
DOB2 [10].

The Cyclin G1 (CCNG1) is another well-established biomarker 
of IR exposure. CCNG1 encodes a mitochondrial protein cyclin 
G1 that is associated with G2/M phase arrest in response to 
DNA damage, and also plays a role in promotion of cell growth 
following damage recovery. It is one of the target genes of p53, 
through which p53 mediates its role as an inhibitor of cellular 
proliferation, apoptosis, DNA repair, cell differentiation and an-
giogenesis [20]. It is one of the first genes shown to be over-
expressed in breast cancer tissues and cell lines and also one 
of the downstream genes of the transcription factors activated 
through DDR identified as gene responsive to IR in whole hu-
man blood and in peripheral blood lymphocytes irradiated ex 
vivo [14,15,18]. Ex vivo CCNG1 analysis of IR responsiveness has 
shown low interindividual variability and linear dose response 
at low doses (25-100 mGy) [15]. It is also potent biomarker of IR 
exposure in vivo [9].

In our study, the changes in gene expression levels of the 
two target genes, FDXR and CCNG1 and the control gene HPRT1 
were investigated in peripheral blood samples of 57 breast can-
cer patients exposed to high doses (2 Gy/fraction) of X-rays dur-
ing external RT at three time points during first RT fraction, that 
are before RT (time 0), 24h and 48h after first RT fraction in or-
der to validate them for biodosimetry purposes. To examine the 
cumulative effect of RT, quantified changes in FDXR and CCNG1 
expression were compared between second and first RT frac-
tion, between third and second RT fraction and between third 
and first RT fraction. Finally, changes in gene expression were 
associated with 11 disease- and therapy-related confounding 
factors affecting FDXR and CCNG1 response to IR; including:

1)	 age;

2)	 MED;

3)	 TIV;

4)	 surgery type;

5)	 status of recidive;

6)	 (not)/administered chemotherapy;

7)	 presence of hormone-sensitive neoplasm;

8)	 presence of HER2-positive neoplasm;

9)	 presence of p53-positive neoplasm;

10)	 administration of target therapy Herceptin® (s.c.600 
mg) and

11)	 hormone therapy started before RT.

Materials and methods 

Patients, blood sampling and irradiation 

In this non-randomized, controlled open-trial clinical study, 
57 patients were included (Table 1) (56 female and 1 male), aged 
55.3 ± 9.8 diagnosed with breast cancer and referred to elec-
tive RT at the University Clinic for Radiotherapy and Oncology in 
Skopje. 52 (91.22%) of the patients were diagnosed with HER2-
positive neoplasm, 45 (78.95%) with p53-positive neoplasm 
and 53 (92.98%) with hormone-positive neoplasm. 40 patients 
(71.43%) were previously subjected to radical mastectomy with 
partial or complete dissection of axillary lymph nodes (type 1), 
11 (19.64%) to quadrantectomy (type 2), while for the other 5 
(8.93%) excision of the breast tumor was performed (type 3). 
Between surgery and RT, 26 patients were treated with cyclo-
phosphamide/doxorubicin hydrochloride/paclitaxel according 
to AP protocol, 18 patients with cyclophosphamide/epirubicine 
hydrochloride/paclitaxel according to EP protocol and 1 patient 
with cyclophosphamide/epirubicine hydrochloride/docetaxel 
according to ED protocol. Additionally, 53 patients were treated 
with Herceptin® (s.c. 600 mg), and 51 patients were under hor-
mone therapy. 

Patients aged under 25 years were excluded from the study; 
those who were exposed to IR in the last 10 days prior to the 
beginning of RT during a diagnostic procedure, if they received 
concomitant RT or chemotherapy and/or were with severe co-
morbidities.

The informed consent was obtained from each individual 
and the Ethics Committee for research with people at the Fac-
ulty of Medicine, Ss Cyril and Methodius University, Skopje, R. 
North Macedonia, approved investigation with human subjects 
according to The Code of Ethics of the World Medical Associa-
tion-Declaration of Helsinki.

All of the patients were referred to a routine laboratory 
check-up, without previous RT. During a regular laboratory rou-
tine control, 2-3 mL of peripheral blood was taken and filled in 
EDTA-coated vacutainer, according to Abend et al. [10] , at three 
time points: 1) before beginning of RT; 2) 24 h after the first, and 
before the second fraction of RT and 3) 48 h after the first, and 
before the third fraction of RT. At each time point, CRP and WBC 
count was measured for all patients from the IG.

The adjuvant radiation treatment of all patients was car-
ried out on linear accelerator Varian Clinac 23EX (Varian, Palo 
Alto, CA, USA) with combination of two photon energies (6 MV 
and 15 MV), which is at the disposal at the University Clinic for 
Radiotherapy and Oncology in Skopje. The prescribed total tu-
mor dose for every patient was 50 Gy, divided in 25 fractions 
(5 weeks x 5 doses). The daily dose of 2 Gy was applied at ev-
ery 24h with dose-rate of 400 MU/min. The elective RT after 
the performed Computerized Tomography (CT) simulation was 
conducted with 2 tangential and 1 supra/infraclavicular field of 
frontal thoracic wall and of regional lymphatic pool with 46 pa-
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tients and with 2 tangential fields of frontal thoracic wall with 
11 patients without supra/infraclavicular radiation.

Total RNA Analysis

Total RNA analysis was performed as in [24].

Processing of biological material for obtaining a sample (ly-
sate of total leukocytes) for RNA isolation 

From the obtained 2-3 mL of EDTA-blood samples, a sample 
(lysate of total leukocytes) for RNA isolation was obtained by 
selective erythrocyte osmotic lysis with ex tempore prepared 
solution of NH4Cl and NH4HCO3 in deionized water. 300 μL EDTA-
blood and 1 mL of this solution was mixed for 10 min at room 
temperature following a 10-minute centrifugation and discard-
ing of lysed erythrocytes. The remaining liquid mass from total 
leukocytes was immediately dissolved in 300 μL RLT solution, 
which contained guanidine thiocyanate. Thus, lysate from to-
tal leukocytes was obtained, in which the present endogenous 
and, possibly exogenous ribonucleases, were inactivated from 
the strong chaotropic agent guanidine thiocyanate.

Automated isolation of total RNA from lysate of total leu-
kocytes 

The isolation procedure of total RNA was made through en-
tirely automated process of Biorobot EZ1 and appropriate EZ1 
RNA Tissue Mini Kits (Qiagen, Hilden, Germany) at the Institute 
for Immunobiology and Human Genetics at the Faculty of Medi-
cine in Skopje. Separation of the total RNA from the remaining 
cell components of this device are based on the application of 
magnetic particles in presence of chaotropic salt. The obtained 
isolate, as well as the lysate from leukocytes, were kept at -80°C 
until the next step - determination of expression of radiore-
sponsive genes with qRT - PCR method.

Gene expression analysis with qRT-PCR (quantitative re-
verse transcription polymerase chain reaction) 

The level of expression of the radio-responsive genes in pe-
ripheral blood from patients ionizied with RT was determined 
by ΔΔCt method, in the Laboratory for molecular pathology, 
Institute of Pathology, Faculty of Medicine in Skopje. Reverse 
transcription was performed using High Capacity cDNA Archive 
Kit (Applied Biosystems, Foster City, CA, USA). The temperature 
conditions for the process of reverse transcription were 25°C for 
10min, then 37°C for 120min and 85°C for 5min.

After cDNAs were synthesized, qPCR on 7500 Real-Time PCR 
System (Applied Biosystems, Foster City, CA, USA) was per-
formed with TaqMan Universal PCR Master Mix Applied Bio-
systems, Foster City, CA, USA) and primers used according to а 
study of Kabacik et al. [14] (Supplementary material, Table S1). 
The temperature conditions for the PCR were the following: 10 
min initial denaturation at 95°C, followed by 40 cycles of 15s 
denaturation at 95°C and 1 min annealing at 60°C. The following 
parameters were determined: 

(12)	 ΔΔCt (FDXR-HPRT1) and ΔΔCt (CCNG1-HPRT1), i.e., 
normalized expression of the target gene (FDXR, CCNG1) in re-
lation to the endogen control, HPRT1;

(13)	 2 -ΔΔCt (FDXR-HPRT1) - fold change of the level of ex-
pression of the target gene FDXR in relation to HPRT1 and 

(14)	 2 -ΔΔCt (CCNG1-HPRT1) - fold change of the level of ex-
pression of the target gene CCNG1 in relation to HPRT1. 

Statistical analysis

The statistical analysis was performed in SPSS Statistics soft-
ware 23.0 (IBM Corporation, Armonk, N.Y., USA). Kolmogorov-
Smirnov test was used for testing of normality and distribution 
of data. For comparison of the analyzed variables at the three 
time points parametric and non-parametric tests for dependent 
samples (paired t-test, repeated-measures ANOVA, Friedman 
ANOVA, Wilcoxon Matched pairs, Cochran Q test, Fischer’s 
Exact test, Pearson Chi-square test) were used. Pearson prod-
uct moment correlation and Spearman rank-order correlation 
were used to investigate the correlation of the fold change of 
the level of expression of FDXR and CCNG1 to HPRT1 and each 
of the investigated disease- and treatment-related parameters. 
The statistical significance for all tests was defined at the level 
of p˂0.05.

Results

Gene expression profile of HPRT1, FDXR and CCNG1 during 
RT

Average expression of HPRT1 and CCNG1 at the three time 
points reveled comparable results, with FDXR being slightly 
higher at all time points (Figure 1, Supplementary Material, 
Table S2). Comparison of average Ct HPRT1, Ct FDXR and Ct 
CCNG1 using Friedman ANOVA (Supplementary material, Table 
S3) confirmed no statistically significant differences in expres-
sion of the control gene, HPRT1, as expected (p=0.581) and of 
CCNG1 (p=0.114). Post-hoc comparison in pairs shows no sig-
nificant differences for HPRT1, but significantly lower values for 
Ct CCNG1 at 2nd time point in relation to 1st (p=0.009) and at 3rd 
time point in relation to 1st (p=0.028). Finally, a statistically sig-
nificant difference in the threshold cycle for FDXR was observed 
(p<0.0001) in the analyzed period. Significant differences are 
confirmed among all compared time points.

The average values of the normalized expressions of CCNG1 
and FDXR in relation to the control gene HPRT1 were (1) 
0.19±0.6, (2) 0.29±0.6 and (3) 0.38±0.7 and (1) 2.48±0.8, (2) 
2.07±0.97 and (3) 1.67±0.96, respectively (Supplementary ma-
terial, Table S4). The observed slight increases of CCNG1 expres-
sion were not statistically significant (p=0.166). FDXR expression 
decreases. Min-max ranges were comparable for normalized 
CCNG1 between all-time points, which was not the case with 
normalized FDXR, where much wider ranges were observed.

The average ∆Ct (FDXR-HPRT1) values were significantly 
different between the defined time points (F=30.3, p<0.0001) 
(Table 2). Post-hoc comparison in pairs, using the Bonferroni 
correction confirmed significantly higher average value of ΔCt 
(FDXR-HPRT1) before RT and 24h and 48h after first RT fraction 
(p=0.01 and p<0.0001) and between 24h and 48h after first RT 
fraction (p<0.0001).

The fold change of the level of expression of CCNG1 and 
FDXR to HPRT1 had comparable mean ± SD values for the three 
variables (24h after first RT fraction, 48h after first RT fraction 
and difference between 48h and 24h post first RT fraction) for 
both genes, except of 2 -∆∆Ct, B (FDXR - HPRT1), with higher mean 
and SD values (2.08±1.7) (Table 3).

Comparison of changes in gene expression levels of FDXR 
and CCNG1 among the defined time points (24h after vs. time 
0, 48h vs. 24h and 48h vs. time 0) using Cochran Q test revealed 
that for CCNG1, in all three cases, increase in CCNG1 expres-
sion levels was registered for ≥61% of the patients, while only 
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one third (≥33%) of the patients exhibited decreased CCNG1 ex-
pression when each time point was compared to the previous 
one, but without statistical significance (p<0.8187). Similar, but 
more intense and statistically significant trend (p<0.0429) was 
observed for FDXR, where for each compared pair, only 17.54% 
and 12.28% of the patients exhibited decrease in FDXR expres-
sion 24h and 48h after first radiation when compared to preir-
radiation expression, respectively (Table 4). The increase was 
less observable when comparing FDXR expression 48h and 24h 
after first radiation, when 28.07% of the patients had decreased 
FDXR expression, and for 71.93% of the patients, FDXR levels 
increased 48h after first radiation compared to 24h.

Association of gene expression changes with MBD (estimat-
ed dose to the blood per fraction)

Associations of the fold change of the level of expression of 
CCNG1 and FDXR in relation to HPRT1 to MBD (mGy) generated 
using Pearson product moment correlation and Spearman rank-
order correlation (Supplementary material, Table S5) revealed 
statistically significant correlation only between 2 -∆∆Ct, A (CCNG1 
- HPRT1) and MBD (p=0.027) and 2^-∆∆Ct (BvsA) (CCNG1-HPRT1) and 
MBD (p=0.0048) (Figure 2). Here, fold change of Ct (CCNG1-
HPRT1) 24h after first RT fraction is negatively related to MBD 
(R = -0.295), while fold change of Ct (CCNG1-HPRT1) 48h to 24h 
after first RT fraction is positively linearly related to MBD (R = 
0.372).

Using paired t-test, the expression level changes of CCNG1 
and FDXR between time points were compared to MBD (mean 
± SD, mGy) (Supplementary material, Table S6). For CCNG1, 
largest, and statistically significant difference was observed 
between 48h and 24h after RT (t=3.44, p=0.0011), where the 
mean estimated dose to the blood per fraction for patients with 
decreased CCNG1 expression levels 48h compared to 24h after 
first RT fraction was 48.28±12.9 mGy, and for the patients with 
increased CCNG1 expression was 58.18±8.6 mGy. For FDXR, sta-
tistical significance could not be achieved at any of the three 
time point comparisons.

Association of gene expression changes with disease-relat-
ed confounding factors

Association of gene expression changes with patient age

Associations of the fold change of the level of expression 
of CCNG1 and FDXR in relation to HPRT1 to patient age gener-
ated using Pearson product moment correlation and Spearman 
rank-order correlation (Supplementary material, Table S7) did 
not reveal any statistically significant correlation. Therefore, it 
can be concluded that the CCNG1 and FDXR expression chang-
es 24h, 48h and from 48h to 24h after first RT fraction are not 
associated with patient age. This conclusion is also supported 
by evidence of no statistically significant difference between 
gene expression changes at the compared time points and the 
mean patient age (Supplementary material, Table S8), except 
for CCNG1 expression change 48h compared to 24h after first 
RT fraction, for which statistically significant difference was ob-
served in changes at different mean patient age (51.95±10.03 
versus 57.25±9.30) (p=0.048).

Association of gene expression changes with TIV

Association of the fold change of expression level of CCNG1 
and FDXR in relation to HPRT1 to TIV (m3) generated using Pear-
son product moment correlation and Spearman rank-order 
correlation (Supplementary material, Table S9) revealed only 

correlations of no statistical significance. Search of statistical 
significance between expression changes of CCNG1 and FDXR 
between 2nd and 1st, 3rd and 1st and 3rd and 2nd time points with 
mean ± SD TIV values using paired t-test (Supplementary mate-
rial, Table S10), did not reveal such. Therefore, it can be con-
cluded that CCNG1 and FDXR expression changes during RT can-
not be associated with patients’ TIV.

Association of gene expression changes with surgery type

Association of the fold of expression changes of CCNG1 and 
FDXR 24h after first RT fraction, 48h after first RT fraction and 
between 48h and 24h after first RT fraction and the three dif-
ferent surgery types performed using Kruskal-Wallis ANOVA for 
non-normally distributed data and analysis of variance for nor-
mally distributed data (Supplementary material, Table S11) re-
vealed no statistically significant differences between medians 
of 2-ΔΔCt for CCNG1 and FDXR at A, B or B vs A with any of the 
surgery types performed. The finding is supported by the lack 
of statistical significance between gene expression changes, i.e. 
decrease or increase between the three time points (24h after/
before first RT fraction, 48h after/before first RT fraction and 
48h/24h after first RT fraction) and the surgery type (Supple-
mentary material, Table S12). Therefore, no expression changes 
of CCNG1 and FDXR during RT could be associated with the type 
of surgery performed before RT.

Association of gene expression change with status of reci-
dive

Association of gene expression change with status of recid-
ive was examined in 55 patients. Pearson Chi-squared test eval-
uation of the significance of differences of the FDXR and CCNG1 
expression changes between 24h after/before first RT fraction, 
48h after/24 after first RT fraction and 48h after/before first RT 
fraction with status of recidive (Supplementary material, Table 
S13) revealed no significant differences between the gene ex-
pression changes, except for the changes of FDXR expression 
24h after first RT when compared to gene expression before RT. 
Here, significant differences (p=0.032) were observed among 
patients that had and did not have cancer recidive. Decreased 
FDXR expression change 24h after first RT fraction was observed 
for 3 patients with and 7 patients without recidive; while in-
crease in FDXR expression 24h after first RT fraction for 3 pa-
tients with and 42 patients without recidive.

Association of gene expression change with prior exposure 
to chemotherapy

Examination of association between fold changes of FDXR 
and CCNG1 expression levels with administration of chemo-
therapy before RT using Mann-Whitney test and paired t-tests 
(Supplementary material, Table S14) revealed lack of statistical-
ly significant association between the two variables. The find-
ing was further supported by lack of significance between FDXR 
and CCNG1 changes between time points (24h after/before first 
RT fraction, 48h after/24h after first RT fraction and 48h after/
before first RT fraction) and presence/absence of previous che-
motherapy administration (Supplementary material, Table S15). 

Association of gene expression changes with hormone-sen-
sitive neoplasm

According to the results from the Mann-Whitney and paired 
t-tests (Supplementary material, Table S16), there is a statisti-
cally significant difference between median fold change of FDXR 
24h after first RT fraction between patients that have (n=42) 
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and do not have (n=11) hormone-sensitive neoplasm. Mean 
fold changes of CCNG1 for patients with hormone-sensitive 
neoplasm was 1.37±0.5, while for patients without was 1.79 ± 
0.9. Despite this, no significant association could be observed 
between the gene expression change when comparing mea-
sured expression 24 after first RT fraction/before RT, 48h after 
first RT fraction/before RT and 48h after/24h after first RT frac-
tion, for both FDXR and CCNG1 (Supplementary material, Table 
S17). 

Association of gene expression change with hormone ther-
apy started before RT

No significant difference of fold changes of FDXR and CCNG1 
expression 24h after first RT fraction, 48h after first RT fraction 
and 48h/24h after first RT fraction with the (lack of) onset of 
hormone therapy before RT (Supplementary material, Table 
S18). The finding is further supported by lack of significant as-
sociation between the changed gene expression between time 
points for both FDXR and CCNG1 (Supplementary material, Ta-
ble S19) (p>0.05). Therefore, it can be concluded that onset of 
hormone therapy does not influence the fold changes in gene 
expression of FDXR and CCNG1 during RT.

Association of gene expression changes with HER2-positive 
neoplasm

In the case of HER2-positive neoplasm, Mann-Whitney and 
paired t-tests (Supplementary material, Table S20), revealed no 
statistically significant association with the fold change of FDXR 
and CCNG1 expression 24h after first RT fraction, 48h after first 
RT fraction and the difference between 48h and 24h after first 
RT fraction. The finding was supported by the lack of significant 
association between the changed gene expression of FDXR and 
CCNG1 between the compared time points and the presence/
absence of HER2-positive neoplasm (Supplementary mate-
rial, Table S21). Therefore, presence/absence of HER2-positive 
neoplasm cannot be significantly associated with the observed 
FDXR and CCNG1 expression changes during RT.

Association of gene expression changes with target therapy 
Herceptin® (s.c.600 mg)

Fold changes of FDXR and CCNG1 at 24h after, 48h after and 
between 48h and 24h after first RT fraction were not signifi-
cantly different among patients with administration of HER2-
positive breast cancer target therapy Herceptin® (trastuzumab, 
600 mg) when compared with patients that were not treated 
with Herceptin® (Supplementary material, Table S22, p>0.05). 
However, Pearson Chi-squared test results (Supplementary ma-
terial, Table S23) revealed statistically significant association 
(p=0.043) between the CCNG1 expression change between 48h 
after and before first RT fraction and Herceptin® administra-
tion. CCNG1 expression was decreased for 7 patients (58.33%) 
treated with Herceptin® and 11 patients (26.83%) not treated 
with Herceptin®, while CCNG1 expression was increased for 
5 patients (41.67%) on Herceptin® treatment and 30 patients 
(73.17%) that were not on Herceptin® treatment.

Association of gene expression changes with p53-positive 
neoplasm

Correlation of the fold changes of FDXR and CCNG1 expres-
sion at 24h, 48h and the difference between 48h and 24h after 
first RT fraction with presence of p53-positive neoplasm (Sup-
plementary material, Table S24) revealed statistically significant 
difference of fold changes of FDXR comparing gene expression 

at 48h to gene expression at 24h after first RT fraction among 
patients with and without p53-positive neoplasm (p=0.0079). 
The mean 2-ΔΔCt, (BvsA) of FDXR in patients with p53-positive neo-
plasm (n=36) (1.57±1.6) was significantly lower compared to 
the mean 2-ΔΔCt, (BvsA) in patients without p53-positive neoplasm 
(2.14±1.4). However, no statistically significant association 
between FDXR and CCNG1 expression change between time 
points and the presence of p53 positive neoplasm was found 
(Supplementary material, Table S25).

 
 
Figure 1: Average Ct HPRT1, Ct FDXR and Ct CCNG1 expression at 
the three time points.

Figure 2: Statistically significant associations of 2 -∆∆Ct, A (CCNG1 - 
HPRT1) and 2-∆∆Ct (BvsA) (CCNG1-HPRT1) and MBD.

Table 1: General data for the patients (IG) of the clinical study.

variable n (%)

Gender

male 1 (1.75)

female 56 (98.25)

Age 

mean ± SD 55.3 ± 9.8

surgery type

1 40 (71.43)

2 11 (19.64)

3 5 (8.93)

Table 2: Inter-time point differences for ∆Ct (FDXR-HPRT1) 
(F=30.3, p<0.0001).

Time point 1 Time point 2 p value

Before first RT fraction 24h after first RT fraction 0.01

Before first RT fraction 48h after first RT fraction 0.00000

24h after first RT fraction 48h after first RT fraction 0.00000
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Table 3: Fold changes at 24h, 48h after first RT fraction and between 24h and 48h after first RT frac-
tion for CCNG1 and FDXR.

Variable mean±SD median (IQR) min – max Std.error

2 -∆∆Ct, A (CCNG1 - HPRT1) 1.17±0.6 1.08 (0.93–1.22) - -

2 -∆∆Ct, B (CCNG1 - HPRT1) 1.23±0.5 - 0.19–2.80 0.063

2-∆∆Ct (BvsA) (CCNG1-HPRT1) 1.13±0.4 1.06 (0.86–1.26) - -

2 -∆∆Ct, A (FDXR - HPRT1) 1.49±0.6 - 0.08–2.91 0.079

2 -∆∆Ct, B (FDXR - HPRT1) 2.08±1.7 1.63 (1.34–2.44) - -

2-∆∆Ct (BvsA) (FDXR-HPRT1) 1.55±1.4 1.26 (0.99–1.64) - -

Table 4: Comparison of changes of expression of FDXR and CCNG1 (CCNG1: n=57, Q=4000000, df=2, p<0.818731; FDXR: n=57, 
Q=6300000, df=2, p<0.042853).

Compared time points
CCNG1 FDXR

Expression change n (%) Expression change n (%)

24h after first RT fraction/before RT
decreased 22 (38.60) decreased 10 (17.54)

increased 35 (61.40) increased 47 (82.46)

48h after first RT fraction irradiation/before RT
decreased 19 (33.33) decreased 7 (12.28)

increased 38 (66.67) increased 50 (87.72)

48h after irradiation/ 24h after irradiation
decreased 21 (36.84) decreased 16 (28.07)

increased 36 (63.16) increased 41 (71.93)
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Discussion

RT of cancer patients requires continuous monitoring of 
RT effects and efficiency, but also following cellular responses 
due to the insufficiently known long-term consequences of IR 
in terms of cancer induction [24]. Follow-up during RT is most 
commonly performed by in vivo analysis of cytogenetic param-
eters, gene expression and mtDNA in peripheral blood samples 
at different time points of RT. So far, the “gold standard” of ra-
diological biodosimetry is the DC aberration assay; also, micro-
array hybridization assays are frequently used. Lately, multitude 
of studies have confirmed the use of gene expression signatures 
in peripheral blood in prediction of IR dose and response us-
ing qRT-PCR [9,11,14,15,18]. This is a promising method, as it is 
minimally invasive, fast, high throughput and requires minimal 
expertise. Analyzing expression changes of two or more genes 
by means of qRT-PCR “buffers” the predictive ability by reduc-
ing the contribution of individual variations that may occur in 
a single gene [8], giving reliable results and thus offering more 
straightforward and cheaper alternative to microarray analysis. 
Genes regulated through DDR have been identified as reliable 
gene expression biomarkers of IR [10]. Two genes, FDXR and 
CCNG1 are shown to have strong responsiveness to IR ex vivo 
[15] and in vivo in previous studies [18]. FDXR is an essential 
gene for p53-dependent tumor suppression via IPR2 [19], while 
CCNG1 encodes cyclin G1, an intermediate by which p53 medi-
ates its role as inhibitor of cellular proliferation. Both CCNG1 
and FDXR were selected for this study as genes that can provide 
clear insight into the IR dose response and the associations be-
tween the gene expression levels (changes) and other disease-, 
treatment- and lifestyle-related confounding factors in breast 
cancer patients undergoing RT.

Investigation of gene expression profiles of CCNG1, FDXR 
and HPRT1 performed on peripheral blood leukocytes of 57 
breast cancer patients treated with RT indicated slight up-reg-
ulation of CCNG1 and significant up-regulation of FDXR over 
time. Fold changes for CCNG1 had comparable values at 24h 

after first RT, 48h after second RT and between 48h and 24h 
after first RT, being in the range 1.13-1.23, which is in line with 
literature findings. FDXR fold changes were slightly lower than 
in literature findings, where IR-induced FDXR increased 1-3-fold 
after low (0.1-1.0 Gy) and 3-50-fold after >1-8 Gy X-irradiation. 
FDXR expression was increased for most of the patients at 24h 
and 48h after first RT when compared to before RT (82.46% 
and 87.72%), and for somewhat less patients when expres-
sion at 48h after RT was compared to expression at 24h after 
RT (71.93%). It is noteworthy that its expression was shown to 
be down-regulated in non-human primates (NHP) model, unlike 
in TBI patients, where it was strongly up-regulated [17]. FDXR 
is a ferredoxin reductase enzyme and its possible association 
with reactive oxygen species might imply questions regarding 
its specificity and further studies focused on this topic should 
be carried out [11]. 

Our findings are consistent with previous studies, where, 
for example, transcription of both FDXR and CCNG1 was signifi-
cantly induced after first RT fraction [7]. Up-regulation of FDXR 
was observed 24h after IR with 0.02 Gy and 0.1 Gy and 48h after 
0.1 Gy, but down-regulation was observed 48h after irradiation 
with 0.02 Gy [12]. More extremely, Manning et al. reported 46-
fold increase in FDXR expression 24h after RT with 4 Gy [15]. 
Not only significant, but FDXR expression is also reported to 
be long-lasting, starting after first IR fraction in most cases and 
maintained during the 5-weeks RT course, with proportional IR 
dose-FDXR expression relation confirmed [17]. CCNG1 is also 
frequently reported to be up-regulated as a result of IR expo-
sure, such as after first RT fraction (0.5-2.0h) and at the end of 
RT with cumulative doses in the range of 36.25-70.0 Gy [18]. 
No significant expression alterations for CCNG1 were observed 
in other study of ex vivo irradiation of peripheral blood gene 
expression analysis 6h, 12h, 24h and 48h after IR, but revealed 
dose-related up-regulation of FDXR [25]. In other study, CCNG1 
showed significant up-regulation in endometrial cancer pa-
tients 24h and 48h after first RT of 1.8 Gy (equivalent to 0.19 Gy 
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average MBD), but no significant up-regulations were detected 
in neck and head cancer patients 24h, 48h and 5 weeks from the 
beginning of RT, 2.0-2.121 Gy per RT fraction (equivalent to 0.09 
Gy average mean blood dose) [9]. Also, low- (5-100 mGy) and 
high- (0.5-4 Gy) dose response was established for CCNG1 in ex 
vivo study [15]. Although larger response variation is observed 
for FDXR than for CCNG1 in this study (e.g. assessed 24h after 
irradiation with 0.5, 1.0, 2.0 and 4.0 Gy [15]), we observed com-
parable SD values, and therefore expression variability.

No significant correlation could be observed between FDXR 
fold changes and MBD. Fold changes in CCNG1 expression 24h 
after RT and between 48h and 24h after RT were significantly 
correlated with MBD. Decreased CCNG1 expression at 48h after 
first RT fraction when compared to 24h after first RT fraction 
were observed at lower MBD (48.28±12.9 mGy), and at higher 
MBD (58.18±8.6 mGy) CCNG1 expression at 48h post RT in-
creased when compared to expression at 24h post RT.

We found the age of breast cancer patients as unimportant 
confounding factor, although CCNG1 expression significantly 
decreased at 48h compared to 24h post RT in younger patients 
(51.95±10.03 years) and increase in the older group (57.25±9.30 
years). Therapy-related confounding factors such as TIV, surgery 
type (������������������������������������������������������������radical mastectomy with total or partial dissection of axil-
lar lymph nodes, excision tumoris and quandratectomy with to-
tal or partial dissection of axillar lymph nodes), chemotherapy 
and hormone therapy started before RT could not be associated 
with FDXR and CCNG1 expression alterations. As most of the 
gene expression studies are performed in vitro or ex vivo, no 
literature data of possible association of FDXR and CCNG1 RT-
induced expression alterations with TIV, surgery type, status of 
tumor recidive, and hormone therapy started before RT could 
not be found. There is limited evidence of FDXR expression al-
terations in breast cancer cell cultures responsive to 5-fluoro-
uracil [26] and significant FDXR up-regulation in human breast 
MCF-7 and XR-75-1 cancer cells treated with topotecan [27], 
but such alterations are not associated with RT-induced altera-
tions. In one study, no substantial impact of the most recent 
chemotherapy regimens received by the TBI patients on the 
capability of 15 gene-panel, including FDXR, in discriminating 
radiation dose levels [28]. Furthermore, to date, no genes are 
identified to be indicative for both IR and alkylator-based che-
motherapy agents (here, cyclophosphamide) [29]. Our patients 
had prior exposure to either cyclophosphamide/doxorubicin 
hydrochloride or cyclophosphamide/epirubicin hydrochloride, 
as well as paclitaxel or docetaxel. 26 of them were on AP proto-
col (cyclophosphamide/doxorubicin hydrochloride/ paclitaxel), 
18 were on EP protocol (���������������������������������� cyclophosphamide/epirubicin hydro-
chloride�����������������������������������������������������  /����������������������������������������������������  paclitaxel) and 1 of them was on ED protocol (cyclo-
phosphamide/epirubicin hydrochloride/docetaxel).

Trastuzumab (Herceptin®) is humanized anti-HER2 mono-
clonal antibody that binds to the extracellular domain IV of 
HER2, thereby inhibiting cell signaling implicated in cell prolif-
eration motility, adhesion and survival. It is the first approved 
and still the most commonly used HER2-targeted therapy of 
HER2-positive breast cancer, substantially improving survival 
compared with chemotherapy alone. In vivo studies using HER2 
overexpressing human breast cancer xenografts demonstrated 
marked enhancement of radiation efficacy when given Her-
ceptin® [30], but expression alterations of radiosensitive genes 
were not studied to date. In our study, co-administration of tar-
get therapy Herceptin® (s.c. 600mg) could not be significantly 
associated with FDXR and CCNG1 changes. Single exception is 

CCNG1 expression changes 48h after first RT fraction compared 
to beginning of RT, where 5 patients (41.67%) treated with Her-
ceptin® had increased and 7 patients (58.33%) had decreased 
CCNG1 expression, while more patients not treated with Her-
ceptin® had increased CCNG1 expression (n=30, 73.17%) than 
decreased (n=11, 26.83%).

Analysis of the disease-related confounding factors revealed 
reoccurring tumor was found to be insignificant confounding 
factors affecting FDXR and CCNG1 expression alterations during 
RT. Significant difference was observed only for FDXR expres-
sion at 24h post compared to before RT; here, more patients 
without recidive had increased (n=42, 85.71%) than decreased 
FDXR expression (n=7, 14.29%), while the number of patients 
with recidive that had increased and decreased FDXR expres-
sion was equal (n=3). The FDXR fold change at 24h after first 
RT fraction was significantly lower for patients with hormone-
sensitive neoplasm (1.37 ± 0.5) compared to patients without 
(1.79±0.9). Presence of hormone-sensitive neoplasm, HER2-
positive neoplasm and p53-positive neoplasm did not affect 
the FDXR and CCNG1 expression fluctuations during RT signifi-
cantly, except for FDXR at 48h compared to 24h after first RT 
fraction, where fold change was significantly lower for patients 
with p53-positive neoplasm (1.57±1.6) than for patients with-
out p53-positive neoplasm (2.14±1.4). Our findings could not 
be compared to any other finding due to the lack of scientific 
studies in this field.

Cautious interpretation of the results of our study is required 
due to multiple reasons. Of utmost importance is the extensive 
inter-individual variation in transcriptional response to IR expo-
sure. Also, it should be considered that, in many cases, the lack 
of statistical significance might be a result of the limited number 
of patients involved in the study. Moreover, significant increase 
in HPRT1 expression was found recently in most malignant tis-
sues (with highest average HPRT1 in breast tissue), which, how-
ever, was not the case in our study, where the increased target 
gene expression observed may be more significant than origi-
nally detected, as gene expression increase may be masked by 
the concomitant increase in cancer HPRT1 expression [23]. Fur-
ther studies in the field may require the employment of differ-
ent housekeeping genes in order to examine results reliability 
and accuracy. Additionally, more thorough examination of the 
gene expression changes within the first 24h after first RT may 
provide more beneficial insight into the time- and dose- depen-
dent gene expression.

In conclusion, we report a remarkable up-regulation of FDXR 
to IR exposure at early time points in human leukocytes in 
vivo, and lack of significant expression alterations for CCNG1, 
demonstrating that probably FDXR is a more reliable markers 
of IR exposure in breast cancer patients. This is the first study 
investigating the association of two IR exposure biomarkers in 
human peripheral blood irradiated in vivo in the same patients 
with 11 different potential confounding factors in a single study. 
Further assessment found that some of the confounding fac-
tors can modify FDXR and CCNG1 expression and consequently 
could affect estimation of dose but to an extent that should not 
affect their use in monitoring IR exposure. However, some of 
them have to be considered when estimating the received IR 
dose. We are continuing to progress in using gene expression as 
a method for accurate and rapid assessment of radiation expo-
sure and association between radiation responses and disease- 
and therapy-related confounding factors.
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