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Objective: Radioresistance of tumor cells is a major factor associated with failure of radiotherapy (RT). This study 
aimed to investigate the effect of BRCA1 knockdown on MDA-MB231 breast cancer cell radiosensitivity. 
Materials and methods: Short hairpin RNA (shRNA) was used to knockdown BRCA1 gene in MDA-MB231 cells. 
Cell viability and proliferative capacity were assessed by CCK-8 and colony formation assays, respectively. We 
established xenograft models in nude mice to evaluate tumor volume and tumor weight. The mice were imaged 
by 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography/computed tomography (PET/CT) before 
and after RT to evaluate changes in maximum standardized uptake value (SUVmax) and tumor SUVmax/muscle 
SUVmax (TMR). Changes in HIF-1α, Glut-1 and Ki-67 were analyzed and the correlation between 18F-FDG uptake 
and tumor biology was analyzed. 
Results: Compared with the control cells, RT significantly reduced cell viability and colony formation capacity in 
cells with the BRCA1 gene knockdown. In vivo assays showed that there was obvious delay in the tumor growth 
in the shBRCA1+RT group compared with the control group. 18F-FDG Micro PET/CT indicated a reduction in 
glucose metabolism in the shBRCA1+RT group, with statistically significant differences in both the SUVmax and 
TMR. The data showed the expression of HIF-1α, Glut-1 and Ki-67 was downregulated in the shBRCA1+RT 
group, and both SUVmax and TMR had significant correlation with tumor biology. 
Conclusion: These results demonstrated that BRCA1 knockdown improves the sensitivity of MDA-MB231 breast 
cancer cells to RT. In addition, 18F-FDG PET/CT imaging allows non-invasive analysis of tumor biology and 
assessment of radiosensitivity.   

Introduction 

Breast cancer accounts for the highest cancer cases in the world, with 
an estimated 2.3 million cases per year and more than 680,000 deaths 
[1]. Breast cancer is the second most common cause of death in women, 
with women aged between 20 and 59 years being most affected [2]. 
Triple negative breast cancer (TNBC) is a subtype of breast cancer which 
lacks estrogen receptor (ER) or progesterone receptor (PR) and human 
epidermal growth factor receptor 2 (HER2) [3]. TNBC accounts for 
about 15% of all breast cancer patients and is highly aggressive, with a 
very poor prognosis and a five-year mortality rate of 40% [4,5]. Due to 
lack of specific molecular targets, there is no effective therapeutic option 
for TNBC. 

Women with TNBC often undergo a combination of surgery, 
chemotherapy, RT and immunotherapy [6,7]. RT is one of the adjuvant 
treatment options administered following a breast cancer surgery. 
However, these systemic treatments have poor side effects, leading to 
higher recurrence rates and shorter overall survival [7,8]. Previous 
studies have shown that while tumor cells are damaged after receiving 
RT, the expression of relevant genes changes with changing environ-
ment and the tumor cells develop radioresistance. These events increase 
the incidence of cancer recurrence and metastatic disease, which ulti-
mately lead to reduction or failure of the treatment [9–11]. 

BRCA1 as a breast cancer susceptibility gene, plays a critical role in 
DNA homologous recombination repair (HRR) with the RAD51 protein 
family [12,13]. At the occurrence of DNA damage, BRCA1 combines 
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with BRCA1-associated RING domain protein 1 (BARD1) to form tumor 
suppressor complex BRCA1-BARD1, which recruits RAD51 and 
BRCA2-PALB2 (a tumor suppressor complex), into the vicinity of 
double-stranded DNA breaks [14–16]. Some studies have shown that 
BRCA1 knockdown can lead to significant reduction in HRR efficiency 
and has little effect on cell cycle distribution [17]. BRCA1 knockdown 
has also been shown to inhibit the formation of RAD51 foci in 
HRR-deficient tumor cells, thus halting the DNA repair program [18]. 

Tumor hypoxia and accelerated glycolysis are common in most 
malignant tumors and are associated with resistance to RT and chemo-
therapy [19,20]. The enhanced uptake and utilization of glucose in 
cancer is referred to as the Warburg effect [21]. 18F-FDG is a 
radionuclide-labeled glucose analogue that can be used to monitor 
glucose metabolism in tumor tissues and is widely used in clinical 
practice. HIF-1α and Glut-1 are common tumor biomarkers, whose 
expression reflect the biological behavior of many malignant tumors. It 
has been shown that the expression of HIF-1α and Glut-1 is increased in 
RT-resistant breast cancer and other tumors, promoting tumor pro-
gression [22,23]. On the other hand, Ki-67 mediates the proliferation 
and invasion of tumor cells and thus can be a prognostic marker in tumor 
cells [24]. 

Therefore, since RT leads to DNA damage, silencing the BRCA1 gene 
does not support the repair the damage in breast cancer cells. We hy-
pothesized that BRCA1 gene knockdown could increase the damage 
caused by RT and improve radiosensitivity in MDA-MB231 cells. Thus, 
we investigated the effect of silencing the BRCA1 gene in the response of 
MDA-MB-231 cell lines to RT and then employed 18F-FDG Micro PET/CT 
imaging to monitor tumor glucose metabolism in nude mice models of 
breast cancer. 

Materials and methods 

Cell culture 

Human breast cancer MDA-MB231 cell line was acquired from 
American Type Culture Collection (ATCC). The cell line was cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA), with a 
supplement of 10% fetal bovine serum (FBS; HyClone, USA), 5% peni-
cillin/streptomycin (Gibco, USA) and placed in a 5% CO2 incubator at 
37 ◦C. 

Lentivirus-mediated BRCA1 knockdown 

Lentiviral shBRCA1 and a negative control lentiviral shRNA (shNC) 
were designed and synthesized by Hanbio (Shanghai, China). The target 
shRNA-BRCA1 sequence and the negative control sequence are shown in 
Table 1. According to the manufacturer’s manual, MDA-MB231 cells 
were infected with the corresponding lentiviral shRNA at a multiplicity 
of infection with 20. The addition of 4 μg/ml polybrene to enhance the 
transfection efficiency. Stable shBRCA1 and shNC cells were selected for 

at least 3 generations with 2 μg/ml of puromycin. 

RT-qPCR analysis 

Total RNAs were extracted with Trizol reagent (Invitrogen, USA), 
and reverse transcribed into cDNA by using PrimeScript TMRT Master 
Mix kit (TaKaRa, Japan) according to the manufacturer’s manual. RT- 
qPCR was performed using the SYBR Premix Ex TaqTM II kit (TaKaRa, 
Japan). Initial denaturation at 95 ◦C for 30 s, followed by 40 cycles of at 
95 ◦C for 15 s and then 60 ◦C for 60 s. The cycle threshold (CT) value was 
defined as the number of PCR cycles in which the fluorescence signal 
exceeded the detection threshold value. The relative mRNA expression 
of targeting genes was analyzed by using the formula 2− ΔΔCT. The pairs 
of primers are listed in Table 1. 

Western blot analysis 

Western blot was carried out according to standard methods, as 
described previously [25]. The primary antibodies used were: mouse 
anti-BRCA1 antibodies (Santa Cruz, USA), and mouse anti-GAPDH an-
tibodies (Wanleibio, China). Anti-GAPDH antibodies expression was 
used as loading control. The secondary antibody was Sheep anti-rabbit 
IgG-HRP (Wanleibio, China). Quantitative analysis of protein expres-
sion was performed using Image J software (National Institutes of 
Health, USA). 

CCK-8 assay 

The CCK-8 assay was used to assess the cell viability and prolifera-
tion. Cells were seeded in 96-well plates at a density of 1 × 103 cells/ 
well. One day later, the cells were received to 4 Gray (Gy) of radiation. 
Then CCK-8 reagent (Beyotime, Shanghai, China) was then added to the 
cell culture medium daily for three days. One hour after CCK-8 addition, 
the absorbance was measured at a wavelength of 490 nm by a micro-
plate reader (BioTek Instruments, USA). The experiments were inde-
pendently performed for three times. 

Colony formation assay 

The cells were seeded in 6-well plates with a density of 500 cells/ 
well. After overnight culture, the cells were exposed to 0, 2, 4, 6 and 8 Gy 
X-rays at a dose rate of 4 Gy/min. Thereafter, the cells were cultured in a 
37 ◦C incubator for 2 weeks. The colonies were fixed with 4% para-
formaldehyde for 30–40 min and then stained with 0.5% crystal violet 
for 30 min. Colonies with more than 50 cells stained were counted using 
the Image J software and then survival fraction (SF) was calculated. The 
cell survival curves were fitted according to the multi-target single-hit 
model (SF= 1 – (1 – exp(-D/D0))^N) and survival enhancement rate 
(SER) was calculated by acquiring some radiobiological parameters, 
such as K, N, D0, Dq and D37. where D is the irradiation dose, K is the 

Table 1 
Primers used in plasmid construction and RT-qPCR.  

Name Sequence (5′ − 3′)  

shNC 
Fw GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTC  

Rw AATTGAAAAAATTCTCCGAACGTGTCACGTAATCTCTTGAATTACGTGACACGTTCGGAGAACG  

shBRCA1 
Fw GATCCGCAGCAGAGGGATACCATGCAACATACTCGAGTATGTTGCATGGTATCCCTCTGCTGTTTTTTG  

Rw AATTCAAAAAACAGCAGAGGGATACCATGCAACATACTCGAGTATGTTGCATGGTATCCCTCTGCTGCG  

BRCA1 
qFw GAACGGGCTTGGAAGAAAAT  

qRw GTTTCACTCTCACACCCAGA  

GAPDH 
qFw ACAGTCAGCCGCATCTTCTT  

qRw GACAAGCTTCCCGTTCTCAG 

Fw: forward primer. Rw: reverse primer. qFw: forward primer for RT-qPCR. qRw: reverse primer for RT-qPCR. 
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passivation constant of the cell survival curve, N is the value of the point 
where the linear portion of the curve extends and intersects the vertical 
axis (both K and N can be obtained directly from the fitted curves). D0 
represents the average lethal dose (D0 = 1/K), which is the theoretical 
amount of radiation energy required to make an average of one hit per 
cell. Dq means quasithreshold dose which represents the width of the 
curve shoulder (Dq = D0 × ln N), and characterizes the ability to repair 
sublethal damage. D37 is the corresponding radiation dose at a cell 
survival fraction of 37% (D37 =D0 + Dq). The SER37 equation is as fol-
lows: SER37 = negative control group D0/silencing group D0. 

Xenograft tumor model and treatment 

Four-to five-week-old female BALB/c nude mice (20–25 g), were 
provided by Beijing Vital River Laboratory Animal Technology. The 
mice were housed in an environment with a temperature of 26 ± 1 ◦C 
relative humidity of 50 ± 1%, and a light/dark cycle of 12/12 h. All the 
animal experiments were approved by the Ethics Review Committee for 
Animal Experimentation of Anhui Medical University (No. 
LLSC20211059). Nude mice were anesthetized with 1% isoflurane-to-air 
mixture and then injected with 5.0 × 106 MDA-MB231 cells in the right 
upper limb armpit region. Tumors > 10 mm in vernier caliper were 
selected for subsequent experiments. The nude mice were randomly 
divided into four groups (n = 6/group): shNC group; shNC+RT group; 
shBRCA1 group and shBRCA1+RT group. Nude mice receiving RT were 
irradiated with VARIAN 23 EX medical linear accelerator (Varian 
Medical System Inc, Palo Alto CA, USA) every other day for one week at 
a dose of 4 Gy, 4 Gy/min, as shown in Fig. 1. 

Assessment of tumor volume and tumor weight 

The tumor diameters started to be measured when the tumor shapes 
could be observed. Tumor diameters were measured by vernier caliper 
once every two days and tumor volume (V) was calculated as [V =
length (cm) × width2 (cm2) × π/6]. After the last PET/CT imaging, the 
animals were euthanized and the tumors were separated and weighed. 

18F-FDG Micro PET/CT imaging and analysis 

Each mouse was scanned using 18F-FDG Micro PET/CT (Siemens, 
Germany, Small-Animal PET research center of Shanghai Ruijin Hospi-
tal) before RT and 24 h after the last RT. The radiochemical purities of 
18F-FDG were more than 95%. Each mouse received 5.55 MBq (150μCi) 
of 18F-FDG through a tail vein injection 60 min before the start of the 
scan. Isoflurane (1% isoflurane-to-air mixture) was administered before 
the scan. PET images were reconstructed using the Inveon Acquisition 
Workplace software (version 2.0, Siemens Preclinical Solutions). On the 
other hand, the SUVmax was determined by measuring the maximal 
concentration of radioactivity in the region of interest (ROI) for semi- 

quantitative evaluation of 18F-FDG uptake in tumors. The SUVmax 
within ROI was calculated using the following formula: concentration of 
radioactivity in the ROI (MBq/mL) × total body weight (kg)/injected 
radioactivity (g/MBq). The PET/CT metric for statistical analysis was 
determined as the tumor tissue SUVmax (T), the contralateral normal 
muscle SUVmax (M), and the ratio of the two values (TMR). 

Pathological assays 

The tumors were harvested and fixed in 4% paraformaldehyde, and 
then tumor samples were removed and embedded in paraffin. For He-
matoxylin and Eosin and immunohistochemical staining, the sections 
were cut into sections measuring 4 µm in thickness. The tissue sections 
were then incubated with anti-HIF-1a antibodies (dilution: 1:200, 
Beyotime Biotechnology, Shanghai, China), anti-Glut-1 antibodies 
(dilution: 1:300, Beyotime Biotechnology, Shanghai, China) or anti-Ki- 
67 antibodies (dilution: 1:200, Beyotime Biotechnology, Shanghai, 
China), followed by horseradish peroxidase–conjugated antirabbit IgG 
(dilution: 1:200; Beyotime Biotechnology, Shanghai, China). Thereafter, 
DAB chromogenic kit (Beyotime Biotechnology, Shanghai, China) was 
used to stain and visualize the positive cells. 

The data were analyzed using the Image-Pro-Plus 6.0 software 
(Media Cybernetics, USA). The integrated optical density (IOD) was 
employed to evaluate the area and intensity of the positive staining. The 
IOD of all positive stains was obtained from selected areas in each sec-
tion, and the results were expressed as mean density = Sum (IOD)/Sum 
(Area). All the section under immunohistochemical staining were 
assessed by at least two observers. 

Statistical analysis 

All data were expressed as mean ± standard deviation (SD). Statis-
tical analysis was performed using SPSS 26.0 (Armonk, USA) and 
GraphPad Prism 8.3 Software (San Diego, USA). The comparison be-
tween two groups was analyzed by independent-samples t-test or paired- 
sample t-test, the comparison among multiple groups was analyzed by 
one-way ANOVA analysis and with the LSD post hoc test. The associa-
tion of 18F-FDG uptake with HIF-1a, Glut-1 and Ki-67 were assessed by 
Pearson correlation analysis. P value < 0.05 was considered statistically 
significant. 

Results 

Lentivirus-mediated BRCA1 knockdown in MDA-MB231 cells 

We successfully generated stable BRCA1 knockdown MDA-MB231 
breast cancer cells using a lentivirus-mediated system. Our western 
blot and RT-qPCR analyses showed that the levels of BRCA1 protein and 
mRNA expression were significantly lower in the BRCA1 knockdown 

Fig. 1. Outline of tumor implantation, RT, and imaging schedule (Day 1 is the tumor cells implantation day).  
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cells compared with matched shNC group cells (both P < 0.001) 
(Fig. 2A-C). 

Effects of silencing BRCA1 on proliferation in vitro 

The effects of RT on cell proliferation capacity and viability in the 
BRCA1 knock down cells were examined by the CCK-8 and colony for-
mation assays. As shown in Fig. 2D-G, RT reduced cell viability and 

Fig. 2. Effect of silencing BRCA1 gene on cell viability and proliferation in vitro experiments. Control group: no transduction; shNC group: breast cell lines stably 
transduced with negative control lentiviral shRNA; shBRCA1 group: breast cell lines stably transduced with lentivirus-mediated BRCA1 shRNA. (A) BRCA1 protein 
expression was analyzed by western blotting with GAPDH as a control. (B) Western blotting results of the three groups of cells were represented by quantitative 
graphs. (C) BRCA1 mRNA was determined by RT-qPCR. (D) Changes in OD490nm values of cells in shNC and shBRCA1 group at 24 h, 48 h and 72 h after 4 Gy 
irradiation. (E) Cell viability of cells in shNC and shBRCA1 group at 48 h after 0 or 4 Gy irradiation. (F) Survival curve was fitted according to the multi-target single- 
hit model. (G) Representative images of respective colony formation in two groups of cells at different doses (0, 2, 4, 6, and 8 Gy). Data are shown as mean ±
standard deviation (SD) from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, vs. shNC group or shBRCA1 group; ##P < 0.01, ###P < 0.001 vs. 
shNC + RT group. 

W. Tao et al.                                                                                                                                                                                                                                     



Translational Oncology 25 (2022) 101517

5

colony formation in both groups. Although the cell viability and colony 
formation were inhibited in the shNC cells after RT, there was significant 
inhibition in the cells with silenced BRCA1 gene (both P < 0.001). We 
then calculated the radiobiological parameters in the two groups by 
multi-target single-hit model. Both shNC and shBRCA1 cells had a D0 of 
2.42 and 1.72, respectively; where the D0 value represents the average 
radiation lethal dose, which can be used as an indicator of cell radio-
sensitivity. The SER37 in the shBRCA1 cells was equal to 1.41. Other 
radiobiological parameters were shown in Table 2. 

18F-FDG Micro PET/CT imaging 

18F-FDG Micro PET/CT imaging was performed for each group of 
nude mice before and 24 h after treatment (Fig. 3A). In this experiment, 
we analyzed the SUVmax and TMR values of the tumor tissues as shown 
in Table 3. The data showed that there was no significant difference in 
the 18F-FDG uptake of tumor tissues before treatment among the four 
groups (F = 0.039, P > 0.05; F = 1.354, P > 0.05). However, there was a 
significant difference in the 18F-FDG uptake of tumor tissues after 
treatment among the four groups (F = 17.492, P < 0.05; F = 89.982, P <
0.05). Comparison of the 18F-FDG uptake in the tumor tissues after 
treatment revealed that the shBRCA1 + RT group had lower SUVmax and 
TMR values compared with those in the shNC + RT group (P < 0.05; P <
0.01) (Fig. 3B). In addition, the growth rate of the tumor tissue SUVmax 
was shown to be 25.50%, − 26.97%, 22.82% and − 54.42% for each 
group. 

BRAC1 knockdown compared with RT delay tumor growth 

As shown in Fig. 3C, there was slow increase in tumor volume in the 
RT group, while there was significant increase in tumor volume in the 
group that did not receive RT. In addition, there was slower tumor 
growth in the BRCA1-silenced cells compared to the shNC cells, espe-
cially at day 22 after cell implantation (P < 0.001). Similar trend was 
found in the tumor weight differences (Fig. 3D). These results showed 
that RT reduced the tumor sizes and weight compared to those without 
RT. Furthermore, tumor size and weight were significantly smaller in the 
shBRCA1 + RT group than in the shNC + RT group (P < 0.001). 

Pathological analysis 

Our analysis showed that the fresh tumor tissues were bright red, 
with gray necrotic areas in some of the tumors. As shown in Fig. 4A, 
Hematoxylin and Eosin and immunohistochemical staining showed that 
the tumor cells had large cell nuclear with darker staining and obvious 
heterogeneity. Unlike in the groups which did not undergo RT which 
had higher number of cells, there was reduction in the number of cells 
with necrotic areas in the groups that received RT. In addition, shBRCA1 
+ RT group had the least number of cells and more necrotic areas. 
Immunohistochemical analysis showed that HIF-1α, Glut-1 and Ki-67 

were highly expressed in tumor tissues, and the mean density of HIF- 
1α, Glut-1 and Ki-67 was significantly suppressed in both groups 
receiving RT. In the shBRCA1 + RT group, the mean density of HIF-1α, 
Glut-1 and Ki-67 was significantly lower compared with the other 
groups (Fig. 4B). Our correlation analysis demonstrated that tumor tis-
sue SUVmax was significantly correlated with HIF-1α, Glut-1 and Ki-67 
expression (r = 0.804; r = 0.774; r = 0.687, all P < 0.01) (Fig. 5A). 
Similarly, the TMR values were also significantly correlated with HIF- 
1α, Glut-1 and Ki-67 expression (r = 0.883; r = 0.802; r = 0.822, all P <
0.01) (Fig. 5B). 

Discussion 

RT is an essential treatment option for breast cancer, which has been 
shown to reduce the rate of recurrence and the risk of death. Adjuvant 
RT after breast-conserving surgery, or in early-stage breast cancer and 
lymphatic involvement has been widely accepted for breast cancer 
treatment [26,27]. However, there are still many patients who are 
threatened with relapse and even death. In many tumor types, recur-
rence has been associated with acquired radioresistance [28]. A previ-
ous randomized clinical trial showed that RT did not reduce death from 
any reason in any breast cancer subtype [29]. Thus, radioresistance 
presents a formidable clinical challenge in the systematic treatment of 
breast cancer. Many studies have extensively evaluated many genes that 
are associated with tumor radiosensitivity. For example, the role of the 
apoptosis gene BTG1 [30], HRR gene RAD51 [31] and cell 
hypoxia-associated gene HIF-1α in radiosensitivity has been defined 
[32]. However, the role of BRCA1 in response to radiation therapy in 
breast cancer is poorly understood. Therefore, we investigated the 
relationship between BRCA1 and radiosensitivity, which is a critical 
gene in the HRR process. In this study, shRNA-BRCA1 was introduced 
into the MDA-MB231 cells with the help of lentivirus vector, and was 
successfully integrated into the genome of the MDA-MB231 cells after 
infection, thus achieving stable and long term expression. 

Our CCK-8 assay demonstrated that the BRCA1 knockdown signifi-
cantly reduced cell viability after irradiation with 4 Gy and the cell 
viability was still poor at 48 h and 72 h after RT. In the colony formation 
assay, we showed that the cell survival rate of the shBRCA1 group was 
significantly lower than that of the shNC group. BRCA1 gene knockdown 
suppressed the colony formation in the MDA-MB231 cells with a SER37 
of 1.41. These data show that BRCA1 gene knockdown increased the 
sensitivity of the MDA-MB231 cells to RT. In summary, RT had a higher 
effect in inhibiting cell proliferation and promoting cell death in BRCA1 
knockdown cells with, indicating that BRCA1 knockdown can enhance 
the sensitivity of tumor cells to radiation. 

Previous evidence showed that BRCA1, a major breast cancer sup-
pressor gene, plays an important role in regulating genome stability and 
DNA repair based on HRR as well as in the repair of DNA double-strand 
breaks to maintain the fidelity of the genome [33,34]. Yinghua Zhu et al. 
demonstrated that reduction of the BRCA1 expression with PI3K in-
hibitors restored tamoxifen resistance and sensitivity to cisplatin in 
breast cancer cells [35]. The use of PARP inhibitors and cisplatin has 
been shown to prolong overall survival and progression-free survival in 
breast cancer patients with BRCA1/2-mutated or HRR-deficiency [36, 
37]. In this study, we successfully silenced BRCA1 gene expression using 
a lentiviral shRNA approach in MDA-MB231 cells, making the cells to 
produce HRR-deficiency. Radiation causes DNA strand damage in tu-
mors, and BRCA1 knockdown can inhibit the DNA damage repair pro-
cess by a series of DNA repair proteins. This suggests that silencing 
BRCA1 gene plays a role in radiosensitization of tumor cells. 

Hypoxia is a typical feature in most solid tumors [38]. Hypoxia and 
increased HIF-1α activity within the tumor are associated with tumor 
recurrence and distant metastasis, as well as poor prognosis after 
radiotherapy. In the early stages of tumor formation, the tumor is often 
in a hypoxic environment due to the rapid rate of angiogenesis, which 
stimulates the release of HIFs. The hypoxic microenvironment of solid 

Table 2 
Summary of radiobiological parameters.  

Group K N D0 Dq D37 SER37 

shNC 0.41 3.86 2.42 3.27 5.69 – 
shBRCA1 0.58 4.09 1.72 2.42 4.14 1.41 

K is the passivation constant of the cell survival curve. 
N is the value of the point where the linear portion of the curve extends and 
intersects the vertical axis. 
D0 represents the average lethal dose (D0 = 1/K), it’s the theoretical amount of 
radiation energy required to make an average of one hit per cell. 
Dq means quasithreshold dose represents the width of the curve shoulder (Dq =

D0 × ln N), which characterizes the ability to repair sublethal damage. 
D37 means dose [Gy] to reduce survival fraction to 37% (D37 =D0 + Dq). 
SER37= D0 (shNC)/D0 (shBRCA1). The SER greater than 1.20 indicate 
radiosensitization. 
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Fig. 3. 18F-FDG Micro PET/CT imaging of tumor xenografts from BALB/c nude mice treated with RT. The BALB/c nude mice were randomly divided into four groups 
(n = 6/group). (A) Representative coronal 18F-FDG Micro PET/CT images of tumors from different groups of mice at day 14 and day 22. Tumors are indicated by 
white arrows. (B) Tumor volume (cm3) was assessed every 2 days. (C) Tumor weight (g) was assessed for different groups of mice after 4 times RT. (D) Quantification 
of SUVmax and TMR values of tumors from different groups of mice. Data are shown as mean ± SD (n = 6/group). *P < 0.05, **P < 0.01, ***P < 0.001, vs. shNC 
group, shBRCA1 group or day 14; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. shNC + RT group. 
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tumors reduces the sensitivity of the tumor to chemo-radiotherapy, thus 
increasing the risk of tumor recurrence and metastasis [39]. HIF-1α 
promotes the growth of endothelial cells after radiotherapy by inducing 
the expression of crucial downstream genes, which include Glut-1, and 
thus promoting tumor resistance to radiotherapy. Ki-67, is a marker of 
cell proliferation, and is important in evaluating the prognosis of 
early-stage breast cancer, guiding chemotherapy, predicting the effect of 
chemotherapy, and in neoadjuvant chemotherapy. This study showed 
that the use of RT in BRCA1 knockdown cells significantly improves the 
tumor hypoxic microenvironment by downregulating the expression 
level of HIF-1α, Glut-1 and Ki-67 genes. 

18F-FDG is a common imaging agent used to detect the degree of 
aggressiveness of malignant tumors. The 18F-FDG PET/CT imaging, as a 
radionuclide imaging technique, has been widely used in the clinic and 

Table 3 
Changes in SUVmax and TMR by 18F-FDG Micro PET/CT imaging.   

SUVmax TMR 
Pre-RT Post-RT P-value Pre-RT Post-RT P-value 

shNC 1.53 ±
0.40 

1.92 ±
0.43 

P =
0.019 

2.26 ±
0.11 

3.06 ±
0.30 

P =
0.001 

shNC+RT 1.52 ±
0.22 

1.11 ±
0.37 

P =
0.002 

2.27 ±
0.15 

1.70 ±
0.27 

P =
0.008 

shBRCA1 1.49 ±
0.37 

1.83 ±
0.37 

P =
0.003 

2.03 ±
0.37 

2.93 ±
0.24 

P =
0.008 

shBRCA1+RT 1.47 ±
0.38 

0.67 ±
0.18 

P =
0.005 

2.08 ±
0.31 

1.18 ±
0.10 

P <
0.001  

Fig. 4. The effect of knockdown of BRCA1 gene combined with RT on tumor biomarkers. (A) Pathological analysis the Hematoxylin and Eosin staining and the 
expression of HIF-1α, Glut-1 and Ki-67 in tumors (magnification = 40 ×). (B) Quantification of immunohistochemical analysis using mean density. Data are shown as 
mean ± SD (n = 6/group). **P < 0.01, ***P < 0.001, vs. shNC group or shBRCA1 group; ##P < 0.01, ###P < 0.001 vs. shNC + RT group. 
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research. A previous meta-analysis [40] showed a significant effect of 
18F-FDG PET/CT on the staging and treatment of breast cancer patients, 
resulting in benefits from locally aggressive therapies and prolonged 
survival. Both SUVmax and TMR can be used as prognostic factors in 
various malignancies, and a previous study [41] has showed a signifi-
cant correlation between high SUVmax and poor prognosis in breast 
cancer patients. Indeed, this is the first study to use 18F-FDG Micro 
PET/CT imaging to evaluate tumor growth metabolism after RT in nude 
mice model of BRCA1-silenced breast cancer cells. In the vivo experi-
ments, we generated a mice model of breast cancer by injecting cells in 
the right upper limb armpit region of nude mice. This was because of the 
nature of the imaging readout, which did not choose a more appropriate 
orthotopic method. The PET/CT imaging results showed that tumors 
that did not receive RT had higher 18F-FDG uptake on day 22, while the 
uptake was reduced to different degrees in those groups which under-
went RT. TMR and SUVmax were particularly reduced in the shBRCA1 +
RT group, a finding consistent with the low expression of HIF-1α, Glut-1 
and Ki-67. These data show that the use of RT in cells with BRCA1 
knockdown significantly improved glucose metabolism in breast tu-
mors. Besides, this data was in sync with the findings that this group had 
slower tumor volume growth and had lighter tumor weight. The 
expression of HIF-1α, Glut-1 and Ki-67 correlated significantly with the 
18F-FDG uptake, which agreed with the findings of Bravatà et al. 
[42–44]. Together, these results suggested that RT can largely inhibit 
the growth of tumor tissues with a radiosensitizing effect in BRCA1 
knockdown group, and this change can be dynamically monitored and 
assessed by the 18F-FDG PET/CT imaging. 

These findings may not only provide new research direction to 
overcome breast cancer radioresistance, but also that BRCA1 may be a 
new therapeutic target for TNBC by increasing the sensitivity to RT. 
Several studies [45–48] have demonstrated the value of gene therapy 
combined with nuclear medicine imaging in tumor imaging and treat-
ment. However, further researches need to be explored in the future 
about how to prepare a novel positron emitter-labeled short interfering 
(siRNA) or shRNA, and real-time analysis of siRNA or shRNA trafficking 

was performed by using PET imaging to provide new approaches for 
clinical breast cancer imaging, diagnosis, and treatment. 

We have some limitations on this study. For example, we didn’t 
investigate the effect of RT on BRCA1 knockdown breast cancer cells at a 
more molecular level. Some studies on protein expression during HRR 
and signaling pathways. In this study, only one type of TNBC cell line 
was used, and the effects of radiosensitivity on other breast cancer cell 
lines need to be studied to confirm our experimental results. Further 
research is needed to confirm the findings and define molecular mech-
anisms underlying the effect of RT on BRCA1 knockdown breast cancer 
cells. 

Conclusion 

Overall, our analyses demonstrate that BRCA1 gene knockdown 
enhances the radiosensitivity of MDA-MB231 breast cancer cells and can 
downregulate multiple biomarkers of poor prognosis, which may be a 
novel approach to be used in improving the efficacy of RT. 18F-FDG PET/ 
CT imaging allows non-invasive acquisition of tumor biology and radi-
osensitization response assessment. 
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