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Abstract. The tumor‑suppressive let‑7 family of microRNAs 
(miRNAs) has been previously identified to induce cell 
apoptosis, proliferation‑inhibition and suppression of the 
self‑renewal capacities of cancer stem cells (CSCs). However, 
let‑7‑mediated sensitization of tumors to radiation treatment 
remains to be investigated fully in triple negative breast cancer 
(TNBC), of which the clinical treatment is challenging. The 
inhibitory effect of let‑7 miRNAs on the self‑renewal ability 
of CSCs from TNBC was investigated. It was identified that 
radiation inhibited the self‑renewal ability of TNBC stem 
cells by inhibiting cyclin D1 and protein kinase B (Akt1) 
phosphorylation. Let‑7d stimulates radiation‑induced tumor 
repression, exerting synergistic effects with radiotherapy 
on stem cell renewal. Through western blotting, immuno-
fluorescence and a luciferase assay, it was identified that 
reduced cyclin D1/Akt1/wingless  type MMTV integration 
site family member  1 (Wnt1) signaling activity accounts 
for the let‑7‑induced radiation sensitization. Let‑7 directly 
inhibits cyclin D1 expression, resulting in low phosphorylation 
of Akt1, which is critical for the let‑7‑induced inhibition of 
mammosphere numbers. The let‑7d‑induced Akt1 inhibition 
contributed to tumor repression, with similar results to those 
obtained with Akt inhibitors. Furthermore, it was identified 
that the inhibition of Wnt1 is critical for the functioning of 
let‑7d, and that addition of recombinant Wnt1 abolished the 
effects of let‑7d on sensitization to radiotherapy. Let‑7d is 
suggested to be a promising therapeutic agent in the treatment 
of TNBC by targeting CSCs and sensitizing tumors to radio-
therapy via inhibition of cyclin D1/Akt1/Wnt1 signaling.

Introduction

Breast cancer is the most common malignancy observed 
amongst women, accounting for nearly a quarter of all cases, 
and outcomes vary depending on cancer type, extent of 
disease the and patient's age (1). Four main subtypes of breast 
tumor have been identified based on patterns of gene expres-
sion, including luminal A/B, human epidermal growth factor 
receptor 2 (HER2)+ [estrogen receptor (ER)‑, progesterone 
receptor (PR)‑] and triple negative tumors (ER‑, PR‑ and 
HER‑), which influence the therapeutic strategies used and 
the clinical prognosis  (2). Endocrine therapies have been 
identified to be effective in treating breast cancer of luminal A 
and luminal  B subtypes, and when used together with 
chemotherapy, the prognosis of patients was observed to be 
improved (3,4). Breast cancer in young women is more likely 
to be an aggressive triple negative or HER2+ sub type, and is 
more likely to be identified at an advanced stage, due to the 
aggressive subtype (5). Trastuzumab has been demonstrated 
to improve prognosis of patients with overexpressed HER‑2; 
however, effective treatment strategies for triple negative 
breast cancer (TNBC), which is resistant to common chemo-
therapies and does not respond well to endocrine therapies, 
remain to be identified. Radiotherapy is used as a remedial 
strategy, therefore increasing the sensitization of TNBC cells 
to radiation may improve the clinical prognosis and quality of 
life of patients (6).

MicroRNAs (miRNAs) are deregulated in the majority of 
malignancies, serving roles in tumor development and progres-
sion, and numerous miRNAs have been reported to influence 
the therapeutic response of cancer to clinical treatments (7,8). 
In breast cancer, miR‑17/20, miR‑190, miR‑200, miR‑34, the 
let‑7 family and additional miRNAs have been identified to 
be involved in the pathogenesis of tumor biology (7‑9). The 
let‑7 family was the earliest identified family of non‑trans-
lational RNAs, of which the functions remain to be fully 
elucidated. Let‑7 miRNAs act as suppressive genes through 
directly binding to the 3'untranslated region (UTR) of Ras, 
interleukin‑6, cyclin D1, mitogen‑activated protein kinase, 
LIN28‑A/B, c‑Myc, DICER1 and numerous other oncogenes 
in ER‑positive breast cancer (7,10). However, the role of let‑7 in 
TNBC, and the let‑7‑induced sensitization of tumor repression 
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remains to be fully elucidated, which is important for the 
development of future clinical treatments. Let‑7 miRNAs have 
been reported to limit the numbers of stem cells in normal 
and cancerous tissue samples, aiding in the maintenance of 
the differentiation of stem cells and cancer stem cells (CSCs), 
thus inhibiting tumor progression. Previous studies have iden-
tified that let‑7 is able to stimulate chemotherapeutic effects, 
however, the effects of radiation combined with let‑7 remain 
unclear, which require elucidation for the improvement in 
TNBC treatment (11,12). The current study investigated the 
roles of let‑7 and radiation on the stem cells of TNBC, and 
then assessed the combined effects of let‑7d and radiation. 
The possible mechanisms associated with these effects were 
investigated, with the aim of improving treatment strategies 
for TNBC by overcoming recurrence via inhibition of the 
renewal ability of CSCs.

Materials and methods

Cell culture, transfection and infection. The human 
breast cancer cell lines ZR75‑1, MCF‑7, BT‑20, HS587‑T 
and MDA‑MB‑231 (MM‑231) were purchased from the 
American Type Culture Collection (Manassas, VA, USA) 
and were cultured in Roswell Park Memorial Institute‑1640 
medium (Gibco; Thermo Fisher Scientific China, Beijing, 
China), containing 10% fetal bovine serum (Thermo Fisher 
Scientific China) and 1% penicillin and streptomycin (Gibco; 
Thermo Fisher Scientific China). The mammospheres were 
cultured in Dulbecco's modified Eagle's medium/Ham's 
F‑12 medium (Corning Incorporated, Corning, NY, USA)
supplemented with 10 ng/ml human basic fibroblast growth 
factor (Sigma‑Aldrich, St.  Louis, MO, USA), 10  ng/ml 
epidermal growth factor (Sigma‑Aldrich), 1 µg/ml hydrocor-
tisone (Sigma‑Aldrich), 4 µg/ml insulin and 1% penicillin 
and streptomycin (13). All cells were cultured in 5% CO2 
at 37˚C. Oligonucleotides encoding let‑7d mature miRNA 
and scramble control were synthesized and cloned into the 
pGLVU6/RFP vector (Shanghai GenePharma Co., Ltd., 
Shanghai, China). Transfections for the luciferase assay were 
performed using Lipofectamine 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) and western blotting. Total RNA was 
isolated using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). cDNA (1 g) was prepared using a ReverTra 
Ace qPCR RT kit from Toyobo Co., Ltd. (Osaka, Japan). 
RT‑qPCR was performed with the Thunderbird SYBR qPCR 
Mix (Toyobo Co., Ltd.) and a LightCycler 480 PCR system 
(Roche Diagnostics, Basel, Switzerland). The thermocycling 
conditions were as follows: Two repeats of 95˚C for 30 sec; 
and 45 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Mature 
let‑7d was quantified using a predesigned miRCURY LNA™ 
assay (Exiqon, Inc., Woburn, MA, USA) with the primer, 
5'‑AGA​GGT​AGT​AGG​TTG​CAT​AGTT‑3'. Expression of the 
U6 small nuclear RNA endogenous control was assayed for 
normalization. Gene expression determinations were made 
using the comparative 2‑ΔΔCq method  (14). The proteins 
were harvested in radioimmunoprecipitation assay lysis 

buffer (Beijing Biotech Co., Ltd., Beijing, China) and then 
subjected to 10% sodium dodecyl sulfate‑polyacrylamide 
gel (Sigma‑Aldrich) electrophoresis separation. The rabbit 
monoclonal antibody against Wnt1 (1:1,000; cat. no. 2530) 
was purchased from Cell Signaling Technology (Shanghai, 
China), monoclonal cyclin  D1 (1:1,000; sc‑753) and 
phosphorylated‑protein kinase  B (Akt1) (Ser473; 1:800; 
sc‑7985‑R) were purchased from Santa Cruz Biotechnology, 
Inc. (Shanghai, China). Antibodies against viniculin (1:3,000; 
ab18058) were obtained from Abcam (Cambridge, MA, 
USA).

Sphere formation assays. Cells of different groups were plated 
in ultra‑low attachment (non‑adherent condition) 6‑well plates 
(Corning Incorporated) to test their ability of forming primary 
mammospheres. The mammosphere numbers were counted on 
day 10 and the mammosphere formation efficiency (MFE) was 
calculated as the percentage ratio between obtained spheres 
and plated cells (10,15‑17). Obtained mammospheres from 
the different groups were disaggregated then re‑suspended to 
test their ability of self‑renewal in the next generation. Akt1 
inhibitors (Akti‑1/2; ab142088; Abcam) and recombinant Wnt1 
protein (50 ng/ml; Sigma‑Aldrich) were used to identify the 
respective roles of Akt1 and Wnt1.

Immunofluorescence and luciferase assay. The cells were 
added into the chambers and were fixed with 10% formalin 
(Sigma‑Aldrich). The cells were blocked with 2% normal goat 
serum (ab7481; Abcam), then were incubated with primary 
antibodies as above for 1 h at 4˚C in phosphate‑buffered 
saline (PBS; Sigma‑Aldrich), then with a secondary antibody 
for 30 min at room temperature with Alexa Fluor® 488 (goat 
anti‑mouse IgG; 1:200; Abcam; cat. no. ab150113) or Alexa 
Fluor® 633 (goat anti‑rabbit IgG; 1:1,000; Invitrogen; Thermo 
Fisher Scientific, Inc.; cat. no. A‑21071) at room temperature. 
Cells were then washed in PBS, incubated for 10 min with 
PureBlu™ 4',6‑Diamidino‑2‑Phenylindole Nuclear Staining 
Dye [135‑1303; Bio‑Rad Laboratories (Shanghai) Co., Ltd., 
China] and washed in PBS again. The luciferase reporter 
3'UTR of cyclin  D1, the T‑cell factor (TCF) luciferase 
reporter and its mutant control, the promoter of β‑catenin 
and the mutant control were designed and cloned into 
miRGLO by Promega Corporation (Madison, WI, USA). 
Cells were seeded at 30% confluence in 4‑well plates prior 
to transient transfection with FuGENE 6 reagent (Roche 
Diagnostics) (18).

Binding site predication. TargetScan (www.targetscan.org), 
was used to determine the mRNA target genes. If no target 
gene was identified, the existing binding site between the 
selected miRNA and target gene may be frail.

Statistical analysis. All data were obtained from three 
independent experiments, and are expressed as the 
mean ± standard deviation. Statistical analysis was conducted 
with Student's t‑test and the χ2 test using SPSS software, 
version 16.0 for Windows (SPSS, Inc., Chicago, IL, USA) and 
Excel 2007 (Microsoft Corporation, Redmond, WA, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

The functions of let‑7 miRNAs in TNBC cells. The let‑7b, let‑7c, 
let‑7d and let‑7i expression levels were assessed in multiple 
breast cancer cell lines, which had been previously reported 
to be significantly deregulated in breast cancer (19‑21). The 
results indicated that let‑7d was significantly reduced in TNBC 
in HS587‑T and MM‑231 cells, compared with the other cell 
lines (P<0.01; Fig.  1A). The HS587‑T and MM‑231 cells 
were then infected with lentiviral‑based let‑7d vectors. The 
RFP‑based let‑7d lentiviral vector was successfully infected 
into HS587‑T and MDA‑MB‑231 cells, and the expression 
levels were detected and presented in Fig. 1B. The effects of 
let‑7d on the self‑renewal ability of TNBC cells were evalu-
ated by the mammosphere formation assay, and let‑7d was 

identified to be able to significantly inhibit the mammosphere 
numbers, exerting a continuous repression of the self‑renewal 
ability (Fig. 1C and D). 

Let‑7d sensitized TNBC stem cells to radiation‑induced 
self‑renewal repression. Different doses of radiotherapy and 
treating durations were assessed, and the results indicated 
that radiation could inhibit the self‑renewal ability of TNBC 
stem cells (Fig. 2A‑C). However, it was observed that 2 Gy 
radiation for 12 h did not significantly affect the MFE of 
HS587‑T and MM‑231 cells (Fig. 2A). In combination with 
let‑7d, 2 Gy radiation exhibited a markedly stronger inhibition 
of the self‑renewal ability of the two cell types, which was 
also significantly stronger than that of let‑7d alone (Fig. 2D). 
Furthermore, the combined use of let‑7d and 2 Gy radiation 

Figure 1. Let‑7 miRNA signatures in triple negative breast cancer cells. The expression levels of let‑7 miRNAs in multiple breast cancer cell lines were detected 
and calculated using the 2‑ΔΔCt method, with U6 as the internal reference gene. (A) Let‑7d was significantly reduced in the HS587‑T and MM‑231 triple negative 
breast cancer cell lines, compared with other cell lines. *P<0.01 vs. the MCF‑7 cell line. (B) Let‑7d was effectively overexpressed in HS587‑T and MDA‑MB‑231 
cells. *P<0.01 vs. the scramble control. (C) Let‑7d continuously significantly inhibited mammosphere formation in three generations. *P<0.01 vs. the scramble 
control. (D) Representative images of mammospheres acquired from two cell lines of triple negative breast cancer. miRNA, microRNA.
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was investigated in continuously cultured mammospheres, 
with the results indicating that the combination significantly 
inhibited the number of mammospheres, indicating the effects 
of 2 Gy of radiation (Fig. 2E).

Let‑7d inhibi ted TNBC s tem cel ls  through the 
cyclin  D1/Akt1/Wnt1 pathway. The cyclin  D1/Akt1/Wnt1 
pathway, which may contribute to let‑7d and radiation‑induced 
stem cell repression, was detected using western blotting, a 
luciferase assay and immunofluorescence. Let‑7d and radiation 
were observed to suppress the self‑renewal ability of HS587‑T 
and MM‑231 cells via the cyclin D1/Akt1/Wnt1 pathway, and 
let‑7d significantly sensitized the effects of 2 Gy radiation 

(Fig. 3A). Through using binding site predication software, 
no complementary sequences were recognized between let‑7d 
and Akt1, TCF‑4 and β‑catenin (data not shown). Complemen-
tary binding sequences were only identified in the 3'UTR of 
cyclin D1 and let‑7d (Fig. 3B). Let‑7d was observed to reduce 
the luciferase activity of cyclin D1 containing the wildtype 
3'UTR, with no functions on the mutant 3'UTR (Fig. 3B and C). 
However, let‑7d was not identified to significantly inhibit 
TCF‑4 and β‑catenin (Fig. 3B and C). Immunostaining of 
TNBC cells demonstrated that cyclin D1 was reduced in the 
let‑7d‑overexpressed group, while no alterations in TCF‑4 
were observed, suggested that let‑7d functioned via the 
cyclin D1/Akt1/Wnt1 pathway (Fig. 3D).

Figure 2. Let‑7d sensitized triple negative breast cancer stem cells to radiation‑induced self‑renewal inhibition. (A) 4 Gy of radiation treatment for 12 h 
and (B) 2 Gy radiation treatment for 24 h induced significant inhibition of the self‑renewal ability of HS587‑T and MM‑231 cells. The 2 Gy radiation dose 
for 12 h was then selected for further research. (C) Representative images of mammospheres acquired from 8 Gy radiation‑treated HS587‑T and MM‑231 
cells. (D) 2 Gy radiation exhibited a stronger inhibition of the self‑renewal ability of HS587‑T and MM‑231 cells when in combination with let‑7d. (E) The 
combination of let‑7d and 2 Gy of radiation continuously inhibited the stem cell numbers in four generations of mammospheres. *P<0.01 vs. the 0 Gy group.
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Reduced Akt1 phosphorylat ion and Wnt1 inhibi‑
tion are required for let‑7d sensitization of radiation 
through cyclin  D1/Akt1/Wnt1 signaling. Let‑7d inhibited 
Akt1/Wnt1 activity through inhibition of cyclin D1, and the 

small interfering RNA did not significantly induce cyclin D1 
repression in let‑7d‑overexpressed HS587‑T and MM‑231 cells 
(Fig. 4A). The inhibition of cyclin D1 in let‑7d‑overexpressed 
cells did not significantly reduce the mammosphere number, 

Figure 3. Let‑7d inhibited the triple negative breast cancer stem cells through repressing the CCND1/Akt1/Wnt pathway. Western blotting, relative luciferase 
activity and immunofluorescence were measured in HS587‑T and MM‑231 cells. (A) Let‑7d alone inhibited the CCND1/Akt1/Wnt pathway, and strengthened 
the 2 Gy radiation‑induced suppression of the CCND1/Akt1/Wnt pathway. (B) No binding sites were identified between let‑7d and the 3'UTR of Akt1, TCF‑4 or 
β‑catenin, and a common binding site was only identified between CCND1 and let‑7 miRNAs, with the schematic diagram illustrating the mechanisms by which 
let‑7d affects the CCND1/Akt1/Wnt pathway. (C) Marked reduction was observed following insertion of the 3'UTR of wt CCND1 into let‑7d‑overexpressed 
cells, however not with the insertion of mut CCND1. The reduction of TCF‑4 and the β‑catenin promoter were not significant in let‑7d‑overexpressed HS587‑T 
and MM‑231 cells. *P<0.01 vs. the wt control group. (D) Immunostaining indicated a reduction in CCND1 in let‑7d‑overexpressed cells, while no alterations in 
TCF‑4 were identified. Akt1, protein kinase B; Wnt, wingless type MMTV integration site family member 1; UTR, untranslated region; TCF‑4, T‑cell factor 4; 
wt, wildtype; mut, mutant; p‑, phosphorylated; Luc, luciferase; DAPI, 4',6‑diamidino‑2‑phenylindole; RFP, red fluorescent protein (from let‑7 lentivirus); 
CCND1, cyclin D1.
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when compared with the let‑7d group (Fig. 4B). Akt1 inhibi-
tors and recombinant Wnt1 protein were used to identify the 
respective roles of Akt1 and Wnt1. Let‑7d functioned through 
Akt inhibition, and the use of Akti‑1/2 in the scramble group 
significantly inhibited the MFE of HS587‑T (Fig. 4C) and 
MM‑231 (Fig. 4D) cells (P<0.01), with no significant alterations 
identified between let‑7d and let‑7d‑Akti‑1/2 (Fig. 4C and D). 
To elucidate whether inhibition of cyclin  D1/Akt1/Wnt1 
signaling accounts for let‑7d‑induced sensitization of the 
radiation response, Akti‑1/2 and Wnt1 protein were used in 
cells treated with combination let‑7d and 2 Gy radiation. Akt 
phosphorylation inhibition did not influence the MFE of let‑7d 

and radiation‑treated cells, indicating that let‑7d functioned 
through Akt phosphorylation inhibition (Fig. 4E). The addition 
of Wnt1 significantly reversed let‑7d‑mediated induction of the 
radiation response (P<0.01; Fig. 4F).

Discussion

Previous studies have indicated that the restoration of 
let‑7 in tumors effectively inhibited cell proliferation and 
invasion, and sensitized the resistant cancer cells to chemo-
therapy  (22,23). Studies have previously investigated the 
function of let‑7 on the self‑renewal of CSCs, indicating 

Figure 4. Let‑7d sentisized breast cancer cells to the radiation response through inhibiting cyclin D1/Akt1/Wnt signaling. (A) Let‑7d functioned through 
inhibition of cyclin D1, then inhibited the Akt phosphorylation and Wnt1 activation. (B) The inhibition of cyclin D1 in let‑7d‑overexpressed cells did not 
reduce the mammosphere number significantly, compared with the let‑7d group, P>0.05. Akt inhibitors significantly inhibited the MFE of (C) HS587‑T 
and (D) MM‑231 cells of the scramble group, *P<0.01 vs. the DMSO control group, with no significant alterations identified in cells infected with let‑7d. 
(E and F) Akt phosphorylation inhibition resulting from Akt inhibitors did not influence the MFE of let‑7d‑ and radiation‑treated cells. (F) The restoration of 
Wnt1 abolished let‑7d induction of radiation sensitization, *P<0.01. Akt, protein kinase B; Wnt, wingless type MMTV integration site family member 1; MFE, 
mammosphere formation efficiency; siRNA, small interfering RNA; DMSO, dimethyl sulfoxide; Scr, scramble; ETOH, ethanol.
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that let‑7 restoration may be utilized in therapy of breast 
cancer  (8,21,24). TNBC is more malignant and responds 
more poorly to chemotherapy and endocrine therapy than 
other subtypes of breast cancer, therefore it is important 
to investigate novel therapeutic options that may improve 
the prognosis of patients with TNBC. β‑catenin controls 
cell adhesion and proliferation, stimulating TCF to mark-
edly upregulate oncogenes (25), thus serves a major role in 
breast cancer, including TNBC (26,27). Wnt1 stimulates the 
Wnt1/β‑catenin/TCF pathway and regulates the transcription 
of TCF motif activators, thus stimulating the self‑renewal of 
CSCs (28‑30).

To investigate the role of let‑7 in breast cancer, let‑7 
miRNA signatures were investigated in multiple breast cancer 
cell lines. It was identified that let‑7d was significantly reduced 
in triple negative HS587‑T and MDA‑MB‑231 cells, indicating 
a potentially important role for let‑7. Let‑7d‑overexpressing 
HS587‑T and MDA‑MB‑231 were then constructed, and it 
was demonstrated that let‑7d exhibited a strong inhibition on 
MFE, continuously inhibiting the self‑renewal ability in up to 
four generations of cells. Radiation resulted in self‑renewal 
inhibition. It was identified that 2 Gy radiation alone resulted 
in marginal inhibition on TNBC stem cells; however, when 
in combination with let‑7d, 2  Gy radiation significantly 
suppressed the number of mammospheres. Through bioin-
formatics analysis and western blotting, the possible genes 
accounting for let‑7‑induced mammosphere inhibition were 
assessed. Let‑7d was observed to inhibit cyclin D1 expres-
sion levels by directly inhibiting the cyclin D1 3'UTR, thus 
suppressing cyclin D1/Akt1/Wnt1 activity. The Akt inhibitor 
and Wnt1 activator were used to investigate let‑7d‑induced 
sensitization to radiotherapy. It was observed that let‑7d func-
tioned through cyclin D1/Akt1, with no significant alterations 
identified between let‑7d and the Akt1 inhibitor, however 
reversal of Wnt1 inhibition abolished the functions of let‑7d.

In conclusion, the results of the current study indicated 
that let‑7d significantly inhibited the malignant behaviors of 
TNBC cells in vitro, and suppressed the self‑renewal abili-
ties of CSCs. Furthermore, in HS587‑T and MM‑231 cells, it 
was identified that let‑7 functioned through inhibiting the 
cyclin D1/Akt1/Wnt1 pathway, and sensitized TNBC to radia-
tion therapy‑induced renewal repression (31). The repression of 
the Akt1/Wnt1 pathway in CSCs contributed to let‑7‑induced 
radiation sensitization, helping to inhibit the self‑renewal of 
stem cells and eliminate the tumor group. The results of the 
current study aid in the understanding of the mechanisms 
through which let‑7 regulated TNBC, and suggest that restora-
tion of the let‑7 family, particularly let‑7d in TNBC, may be a 
novel therapeutic target.
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