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Abstract: Breast cancer stem cells (BCSCs) are responsible for breast cancer metastasis, recurrence and treatment 
resistance, all of which make BCSCs potential drivers of breast cancer aggression. Ginsenoside Rg3, a traditional 
Chinese herbal medicine, was reported to have multiple antitumor functions. Here, we revealed a novel effect of 
Rg3 on BCSCs. Rg3 inhibits breast cancer cell viability in a dose- and time-dependent manner. Importantly, Rg3 
suppressed mammosphere formation, reduced the expression of stemness-related transcription factors, including 
c-Myc, Oct4, Sox2 and Lin28, and diminished ALDH(+) populations. Moreover, tumor-bearing mice treated with Rg3 
exhibited robust delay of tumor growth and a decrease in tumor-initiating frequency. In addition, we found that Rg3 
suppressed breast cancer stem-like properties mainly through inhibiting MYC expression. Mechanistically, Rg3 ac-
celerated the degradation of MYC mRNA by enhancing the expression of the let-7 family, which was demonstrated 
to bind to the MYC 3’ untranslated region (UTR). In conclusion, our findings reveal the remarkable suppressive effect 
of Rg3 on BCSCs, suggesting that Rg3 is a promising therapeutic treatment for breast cancer.
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Introduction

Breast cancer is the most common cancer and 
the second leading cause of cancer death 
among women [1]. Despite the development of 
advanced diagnostic measures and therapeu-
tic methods, including surgery, chemothera-
pies, hormonal therapies and radiotherapy, a 
significant portion of patients eventually suffer 
from tumor relapse [2]. Accumulating evidence 
suggests that breast cancer stem cells (BCSCs), 
a population of cells that can self-renew, differ-
entiate and initiate and sustain tumor growth, 
are responsible for cancer recurrence, drug 
resistance, and metastasis [3-5]. BCSCs are 
highly enriched in the CD44high/CD24low sub-
population and are highly expressed aldehyde 
dehydrogenase enzymes (ALDHs), which have 

been shown to be useful biomarkers for cancer 
stem-like cells [6, 7]. Breast cancer cells were 
isolated according to the surface marker 
CD44high/CD24low and exhibited two important 
characteristics: unlimited self-renewal and the 
capacity to generate differentiated progeny [8]. 
Recently, ALDH(+) cells were recognized to con-
tribute to chemotherapeutic resistance and the 
aggressiveness of malignant tumors [9, 10]. 
Consistent with our expectations, CD44high/
ALDHhigh cells exhibited greater expression of 
stem cell-related markers (Sox2, Oct4, and 
Nanog) than did CD44high/ALDHlow cells [11]. In 
addition, BCSCs can form mammospheres, 
which are composed of a portion of CD44high/
CD24low cells and simultaneously formulate the 
putative stem cell marker Oct4; these cells can 
also generate new tumors with only 1×103 cells 
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[12]. Therefore, targeting BCSCs is the current 
therapeutic avenue for the development of anti-
cancer treatments.

MYC is one of the most highly amplified genes 
among different human cancers [13]. An in 
vitro study of the oncogene Ras revealed that 
normal embryonic fibroblasts cannot transform 
into tumor cells unless MYC is present, sug-
gesting that MYC is an oncogene [14]. 
Canonically, as a common transcription factor, 
the encoded protein of MYC (Myc) dimerizes 
with Max and binds target DNA sequences or  
E boxes (with the sequence 5’-CANNTG-3’) to 
regulate the transcription of genes involved in 
tumor growth and proliferation [15, 16]. Another 
critical mode for Myc-mediated regulation is 
the influence of widespread miRNAs [17]. For 
instance, Myc can directly bind to miR-17 clus-
ter intron 1, which has the E-box sequence 
CACGTG, to regulate miR-17 expression [18]. 
Interestingly, MYC is also affected by miRNAs 
(let-7, miR-34, and miR-145), resulting in post-
translational modulation of MYC [19-21]. In 
addition to its role in tumorigenesis, MYC was 
identified as one of four Yamanaka factors, 
including Sox2, Oct4, and Klf4, that can collec-
tively reprogram fibroblasts to a pluripotent 
stem cell state [22, 23]. Considering that MYC 
lies at the crossroads of many growth-promot-
ing signal transduction pathways, targeting 
MYC to inhibit cancer progression could be an 
effective treatment.

Ginsenosides, major active pharmaceutical 
ingredients in the traditional medicine ginseng, 
have been gradually reported to have antitumor 
effects on multiple cancers, such as lung can-
cer, gastric cancer and human melanoma [24-
26]. Rg3, a monomer extracted from ginseng, 
has received extensive attention in tumor treat-
ment. Rg3 downregulated fucosyltransferase 4 
(FUT4)-mediated EGFR inactivation and blocked 
the MAPK and NF-κB signaling pathways. These 
properties could inhibit the epithelial-mesen-
chymal transition (EMT) capacity of lung cancer 
cells [27]. In addition, Rg3 treatment induces 
breast cancer cell apoptosis by blocking NF-κB 
signaling, reducing the activation of ERK and 
Akt and destabilizing mutant p53 [28]. More- 
over, Rg3 has been reported to attenuate the 
phosphorylation cascade of VEGF-dependent 
p38/ERK signaling and inhibit VEGF-dependent 
tumor angiogenesis [29]. Importantly, Rg3 
inhibited doxorubicin-induced protective auto- 
phagy in hepatocellular carcinoma (HCC), which 

sensitizes HCC to doxorubicin [30]. An in vivo 
experiment showed that Rg3 combined with 
gemcitabine significantly improved the survival 
and quality of life of tumor-bearing mice [31]. 
These studies suggest that Rg3 could be a 
potential therapeutic agent for different kinds 
of tumors.

In the present study, we demonstrated that 
Rg3 inhibited breast cancer cell viability in vitro 
and in vivo. Importantly, we found that the 
application of Rg3 could reduce BCSC mainte-
nance, mainly through downregulating MYC 
mRNA. Mechanistically, Rg3 could destabilize 
MYC by enhancing the expression of the let-7 
family. These results suggested the potential 
use of Rg3 in breast cancer treatment by tar-
geting BCSCs.

Materials and methods

Reagents and cell culture

20 (R)-Rg3 was obtained from Dalian Fusheng 
Pharmaceutical Company (Fusheng, Dalian, 
China). Rg3 was dissolved in serum-free culture 
medium to the required concentration for in 
vitro study and in saline for in vivo study and 
then filtered through a 0.22 µm sterile mem-
brane. All cell lines (MDA-MB-231, MCF-7, 
SK-BR-3, BT-549 and HEK293T) were pur-
chased from American Type Culture Collection 
(ATCC; Manassas, VA, USA). MDA-MB-231, 
MCF-7, SK-BR-3 and HEK293T cells were main-
tained in Dulbecco’s modified Eagle’s medium 
(DMEM, Invitrogen) supplemented with 10% 
fetal bovine serum (Gibco). BT-549 cells were 
maintained in RPMI-1640 (Invitrogen) supple-
mented with 10% fetal bovine serum (Gibco). 
All the cells were incubated at 37°C in a humidi-
fied incubator containing 5% CO2.

Cell viability assay

The cells were seeded in 96-well microplates 
(1×104 cells/well in 100 μL) in an incubator at 
37°C with 5% CO2. When the confluency of the 
cells reached 80%, the medium was replaced 
with RPMI 1640 containing 2% FBS, and the 
cells were cultured for 24 h. Then, 10 μL of 
CCK-8 reagent was added to each well, and the 
cells were cultured for another 2 h. The optical 
density at 450 nm was calculated by a micro-
plate reader (Varioskan Flash 3001, Thermo 
Fisher Scientific, Waltham, USA) every hour to 
determine the best culture time.
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Mammosphere formation assay

Dissociated single cells (1×103) were seeded in 
6-well ultralow attachment plates (Corning). 
The cells were cultured in serum-free DMEM/ 
F-12 medium (Gibco) supplemented with 20 
ng/ml epithelial growth factor (EGF, Sigma), 20 
ng/ml basic fibroblast growth factor (bFGF, BD 
Biosciences) and 2% B27 (Invitrogen) in the 
absence and presence of 20 (R)-Rg3 for two 
weeks. All spheroids were photographed by an 
inverted microscope (Olympus, Japan). The 
number and diameter of the spheroids were 
calculated by using spheres greater than 50 
μm in diameter. The spheroids were collected 
by centrifugation, after which RNA was extract-
ed and western blotting was performed.

Real-time quantitative PCR (RT-qPCR)

The qualified postdetection RNA samples were 
added to HiScript III RT SuperMix (+gDNA wiper) 
(Novozymes, China) for qRT-PCR to perform 
reverse transcription. The sequences of prim-
ers used are shown in Table 1. The results were 
analyzed by the Ct comparison method (2-∆∆Ct) 
to calculate the relative expression of the 
genes.

Western blotting

After isolation, the protein concentration was 
quantified using a BCA Protein Assay Kit  
(Bio-Rad, USA). After separation by SDS-
polyacrylamide gel electrophoresis, the pro-
teins were transferred to a PVDF membrane 
(Millipore, USA). Subsequently, the membranes 
were blocked with 5% skim milk and incubated 
with primary antibodies for 24 h at 4°C. Then, 
the membrane was incubated with the appro-
priate HRP-conjugated secondary antibody and 
visualized using an ECL detection kit. ImageJ 
software was used to analyze the results.

Clinical samples and primary breast cancer 
cell isolation

All breast cancer tissues were obtained. The 
breast cancer tissues were kept in liquid nitro-

gen for protein extraction. For mouse xenograft 
cancer cell isolation, the tumor xenografts were 
mechanically and enzymatically dissociated to 
yield clumps of epithelial cells by incubation at 
37°C for 2 hours in a 1:1 solution of collage-
nase I (3 mg/mL):hyaluronidase (100 U/mL; 
Sigma). After filtration through a 40 μm pore 
filter (BD Biosciences) and washing with PBS, 
the cells were cultured in DMEM (Invitrogen) 
supplemented with 10% fetal bovine serum 
(Gibco).

Xenograft tumor formation and detection of 
potential toxicological effects

All animal studies were approved by the 
Institute Animal Care and Use Committee of 
Dalian Medical University and were carried out 
in accordance with established institutional 
guidelines and approved protocols. For the 
xenograft transplantation assay, female BALB/ 
c nude mice (4-6 weeks old) were purchased 
from Beijing Vital River Laboratory Animal 
Technology Co., Ltd., and housed in a specific 
pathogen-free (SPF) environment. The mice 
were acclimatized for one week before being 
used for experiments. MDA-MB-231 cells 
(1×106) in PBS containing 50% Matrigel (BD 
Biosciences) were subcutaneously injected into 
the right flank of the mice. One week after injec-
tion, the tumor-bearing mice were randomly 
divided into Rg3 and control groups (n = 5 per 
group). Rg3 (10 mg/kg body weight) was admin-
istered to mice every two days for 3 weeks via 
intraperitoneal injection, whereas the control 
group received normal saline only. The body 
weights of the animals and the two perpendicu-
lar diameters (a and b) were recorded every 3 
days. Tumor volume (V) was calculated accord-
ing to the following formula: V = (a×b2)/2. After 
4 weeks, the tumor mass was resected and  
dissociated into individual cancer cells. Then, 
1×106, 1×105, 1×104 or 1×103 tumor cells iso-
lated from the primary tumor xenografts were 
injected into female BALB/c nude mice (4-6 
weeks old). The subsequent steps were similar 
to those of the first tumor transplantation. To 
detect potential toxicological effects, C57BL/6J 

Table 1. The sequences of primers used in quantitative PCR
Gene name Forward primer 5’-> 3’ Reverse primer 5’-> 3’
ACTB ATCAAGATCATTGCTCCTCCTGAG CTGCTTGCTGATCCACATCTG
MYC CGAGGAGGAGAACTTCTACCAGC CGAGAAGCCGCTCCACATACAGTCC
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mice were treated with Rg3 (10 mg/kg, every 
three days) for three weeks, after which mouse 
weight was subsequently measured. The inves-
tigation was conducted in accordance with eth-
ical standards and according to the Declaration 
of Helsinki and according to national and inter-
national guidelines.

Statistical analysis

Statistical analysis of the results was per-
formed by using GraphPad Prism software. All 
the data are presented as the mean ± SD. Two-
tailed Student’s t tests were used for two-group 
comparisons, and one-way ANOVA was used for 
multiple-group comparisons. *P < 0.05 was 
considered to indicate statistical significance.

Results

Rg3 inhibits human breast cancer cell viability

The structure of Rg3 is shown in Figure 1A. To 
determine the antitumor effect of Rg3 on 

breast cancer, MDA-MB-231, MCF-7 and 
SK-BR-3 cells were treated with different con-
centrations of Rg3 (from 0 to 100 μM) for 48 
hours or the same concentration (50 μM) for 
different durations (12 hours, 24 hours, 36 
hours and 48 hours). Cell viability was deter-
mined by a CCK8 assay. As shown in Figure 
1B-E and Supplementary Figure 1A, 1B, Rg3 
significantly decreased cell viability in a dose- 
and time-dependent manner in breast cancer 
cells. Then, we performed colony formation 
assays to detect the anti-clonogenicity ability of 
Rg3. After treatment with different concentra-
tions of Rg3 (0, 25 and 50 μM), the colony num-
bers were distinctly decreased in breast cancer 
cells in a dose-dependent manner compared 
with those after solvent treatment (Figure 1F, 
1G, Supplementary Figure 1C). Notably, Rg3 
had little effect on the viability of mammary epi-
thelial MCF-10A cells (Supplementary Figure 
1D and 1E). These data indicated that Rg3 has 
a cytotoxic effect on breast cancer cells and 
inhibits cell growth.

Figure 1. Rg3 inhibits breast cancer cell growth. (A) Structure of 20 (R)-ginsenoside Rg3. (B) MDA-MB-231 cells 
were treated with Rg3 (0 μM, 25 μM, 50 μM, 100 μM) for 48 h. Cell viability was determined by a CCK-8 assay as 
described in the Materials and Methods. (C) MDA-MB-231 cells were treated with 50 μM Rg3 for 0 h, 12 h, 24 h, 
36 h, or 48 h. Cell viability was determined by a CCK-8 assay. (D) MCF-7 cells were treated with Rg3 (0 μM, 25 μM, 
50 μM, 100 μM) for 48 h. Cell viability was determined by a CCK-8 assay. (E) MCF-7 cells were treated with 50 μM 
Rg3 for 0 h, 12 h, 24 h, 36 h, or 48 h. Cell viability was determined by a CCK-8 assay. (F) Plate colony formation was 
analyzed following treatment with different concentrations of Rg3 (0 μM, 25 μM, 50 μM) in MDA-MB-231 cells and 
(G) MCF-7 cells. The data are presented as the mean ± SD of three independent experiments. Comparisons were 
analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001.
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Rg3 suppresses stem-like properties in breast 
cancer cells

To determine whether Rg3 inhibits BCSCs, we 
first performed mammosphere-forming assays. 
As shown in Figure 2A, the number and size of 
the mammospheres were significantly reduced 
after Rg3 treatment in the MDA-MB-231 cells. 
Consistently, compared with those in the con-
trol groups, the sphere formation ability of 
MCF-7 cells that received different concentra-
tions of Rg3 was apparently suppressed (Figure 
2B). Furthermore, by western blot, we revealed 
that Rg3 decreased the expression of self-
renewal-related factors, such as c-Myc, Oct4, 
Sox2, and Lin28, in breast cancer cells (Figure 
2C, 2D). However, these proteins were also 
inhibited by Rg3 in a time-dependent manner 
(Supplementary Figure 2A, 2B). Consistent with 
these findings, immunofluorescence assays 
revealed decreased expression of c-Myc,  
Oct4, Sox2, and Lin28 after Rg3 treatment 
(Supplementary Figure 2C). High expression of 
ALDH has been used as a unique reporter of 
stem cell activity in the mammary gland [6]. 
Therefore, we used flow cytometry analysis to 
determine the proportions of ALDH(+) subpopu-
lation breast cancer cells. As shown in Figure 
2E and Supplementary Figure 2D, after 3 days 
of Rg3 (25 μM) treatment, the ALDH(+) popula-
tion of MDA-MB-231 cells was dramatically 
reduced from 9.4% to 2.9% (P < 0.05). Simi- 
larly, the ALDH(+) subpopulation in MCF-7 cells 
decreased from 4.8% to 2.4% after culture with 
Rg3 (Figure 2F, Supplementary Figure 2E). 
Collectively, these results revealed that Rg3 
has the potential to inhibit BCSC properties.

Rg3 delays tumor growth and abrogates 
tumor-initiating frequencies in vivo

Given that Rg3 diminishes BCSC properties in 
vitro, we then examined whether Rg3 affects 
tumor growth and the tumor-initiating potential 
of breast cancer cells in vivo. An equal number 
of MDA-MB-231 cells (1×106 cells per mouse) 
were subcutaneously injected into 4- to 6- 
week-old female nude mice. When the tumors 
developed for 7 days, the mice were randomly 
assigned to receive an intraperitoneal injection 
of Rg3 (10 mg/kg body weight, every other day) 
or a saline control. After 3 weeks of treatment, 
the tumors in the Rg3-treated group (referred 
to as Rg3) were smaller than those in the con-

trol group (referred to as NS) (Figure 3A, 3B). 
Importantly, body weight did not obviously dif-
fer between the Rg3-treated group and the 
control group (Figure 3C). Notably, there was no 
obvious difference in body weight between the 
Rg3-treated group and the control group of 
healthy mice (Figure 3D). These findings indi-
cated that tumor growth in xenograft models 
was significantly suppressed by Rg3, which has 
favorable toxicological side effects. Further- 
more, we isolated cells from xenograft tumors 
in both the Rg3 group and the control group. 
Then, we evaluated the expression of stem-
ness-related factors and the colony-forming 
capacity. As shown in Figure 3E and 3F, com-
pared with control xenograft cells, Rg3-treated 
cells (referred to as Rg3 cells) exhibited reduc- 
ed expression of cancer stem-related proteins 
(c-Myc, Oct4, Sox2, and Lin28) and impaired 
mammosphere-forming efficiency (referred to 
as NS cells). Next, a serial transplantation 
assay was performed in nude mice. Equal 
amounts of cells (1×106, 1×105, 1×104 and 
1×103) were subcutaneously inoculated into 
four different flanks of each mouse (n = 5) and 
monitored for 4 weeks. Rg3 treatment signifi-
cantly impeded secondary limited dilution 
tumor transplantation compared to that in the 
saline control group (Figure 3G). These results 
demonstrated that, compared with that in the 
saline control group, the frequency of second-
ary tumor xenografts was lower in the Rg3-
treated group.

Rg3 impairs breast cancer stem-like properties 
mainly through suppressing MYC

Since MYC plays a key role in cancer stemness 
maintenance [32, 33], we next validated the 
expression of c-Myc in several breast cell lines. 
The results showed that c-Myc was expressed 
at low levels in luminal breast cancer cells but 
was highly expressed in basal breast cancer 
cells; these cells are mostly regarded as BCSCs 
(Figure 3H). Furthermore, we collected 3 pairs 
of breast cancer tissues and adjacent normal 
tissues and performed western blotting to ana-
lyze c-Myc expression. The results showed that 
all the breast cancer tissues presented higher 
c-Myc levels than did the adjacent normal tis-
sues (Figure 3I). To determine whether Rg3 
restricts BCSCs by decreasing MYC expres- 
sion, we cultured breast cancer cells in normal 
sphere-forming media or media supplemented 
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Figure 2. Rg3 attenuates breast cancer cell stem-like properties. (A) The mammosphere-forming abilities of MDA-MB-231 and (B) MCF-7 cells were analyzed follow-
ing treatment with different concentrations of Rg3 (0 μM, 25 μM, 50 μM). (C) The expression of proteins (c-Myc, Oct4, Sox2, Lin28) was analyzed in MDA-MB-231 
cells and (D) MCF-7 cells treated with different concentrations of Rg3 (0 μM, 25 μM, 50 μM, 75 μM, 100 μM) by western blot. (E) ALDH-positive populations in MDA-
MB-231 cells and (F) MCF-7 cells treated with different concentrations of Rg3 (0 μM, 25 μM). NC indicates the negative control. The data are presented as the mean 
± SD of three independent experiments. Comparisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 100 μm.
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Figure 3. Rg3 impairs the tumor-initiating ability of breast cancer cells in vivo. (A) MDA-MB-231 cells (1×106 cells per mouse) were inoculated into the flanks of nude 
mice. When the tumors developed for 2 days, the mice were randomly assigned to receive Rg3 (10 mg/kg body weight, every other day) or the saline control. Tumor 
xenografts were monitored for 3 weeks. Tumor volumes were monitored as described in the Materials and methods section. (B) Tumor growth curves are presented 
as a line chart. (C) The body weights of the mice are presented in the line chart. (D) The body weights of healthy mice are shown in the line chart. (E) The expres-
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with a low concentration of Rg3 (25 μM). After 
two weeks of culture, the MYC mRNA levels 
were lower in the MDA-MB-231 and MCF-7 cells 
treated with Rg3 than in the cells treated with 
solvent (Figure 3J and 3K). Therefore, we 
hypothesized that MYC might be a main down-
stream target through which Rg3 decreases 
the stem-like properties of breast cancer cells. 
To verify this hypothesis, we used short hairpin 
RNA (shRNA) to suppress MYC expression in 
MDA-MB-231 and MCF-7 cells. As shown in 
Figure 4A, MYC was effectively depleted by two 
different shRNAs. As expected, the sphere for-
mation efficiency was dramatically reduced 
upon MYC depletion, as indicated by a decrease 
in both spheroid number and diameter (Figure 
4B, 4C). However, in cells depleted of MYC 
simultaneous and treated with Rg3, little 
change in sphere formation efficiency was 
observed (Figure 4B, 4C). Consistently, the col-
ony numbers were markedly decreased follow-
ing the depletion of MYC by shRNAs in both the 
MDA-MB-231 and the MCF-7 cells, which exhib-
ited a slight difference after Rg3 treatment 
(Supplementary Figure 3A, 3B). To further 
explore the role of Rg3 in MYC-mediated func-
tions, we ectopically overexpressed MYC in 
both MDA-MB-231 and MCF-7 cells (Figure 4D). 
As reported before, MYC overexpression effec-
tively enhanced mammosphere-forming ability, 
while Rg3 treatment reversed this increase 
(Figure 4E, 4F). Consistent with these findings, 
MYC-upregulated MDA-MB-231 and MCF-7 
cells exhibited significantly increased colony 
formation capacity, whereas treatment with 
Rg3 suppressed colony formation to a compar-
ative level in cells infected with the empty vec-
tor and then treated with Rg3 (Supplementary 
Figure 3C, 3D). Taken together, these results 
indicated that Rg3 reduces breast cancer 
stem-like properties mainly through downregu-
lating MYC expression.

Rg3 decreases MYC mRNA stability by promot-
ing let-7 family expression

To determine the mechanism underlying the 
decrease in MYC expression, we first assumed 
that Rg3 may affect the transcription of MYC. 
We cloned the full sequence of the MYC pro-
moter by PCR and inserted it into the luciferase 
reporter pGL3-basic plasmid. Dual-luciferase 
reporter results showed that firefly luciferase 
activity did not significantly change after Rg3 
treatment in either MDA-MB-231 (Supplemen- 
tary Figure 4A) or MCF-7 cells (Supplementary 
Figure 4B), suggesting that Rg3 does not influ-
ence MYC transcriptional activity. Then, we 
treated the cells with actinomycin D (ACTD) to 
block de novo mRNA synthesis, and total RNA 
was isolated at the indicated time points (0, 30, 
60 and 90 min) after ACTD application. As 
shown in Figure 5A-D, the half-life of MYC 
mRNA was markedly decreased when cells 
were treated with Rg3. Consistently, the mRNA 
level of MYC was significantly reduced by Rg3 
treatment for 72 h (Figure 5E). Since the let7 
family can bind to MYC mRNA and lead to MYC 
degradation via the RISC complex [19], we then 
detected whether Rg3 destabilizes MYC mRNA 
through regulating let7. Indeed, RT-qPCR analy-
sis of the let7 cluster (let7a, let7b, let7c, let7e, 
let7f, let7g, and let7i) after treatment with Rg3 
showed that the let7 cluster was significantly 
promoted by Rg3 in MDA-MB-231 and MCF-7 
cells (Figure 5F and 5G). Furthermore, RAS and 
DICER, which are direct targets of let7 [34, 35], 
were detected after Rg3 treatment. As shown 
in Supplementary Figure 4C and 4D, the ex- 
pression of DICER and RAS was markedly lower 
in breast cancer cells cultured with Rg3 than in 
those cultured with saline. As highly changed 
members, let7a and let7b were chosen to be 
delegates of the let7 family. Consistent with the 
findings of previous reports, transfection with 
let7a and let7b inhibitors (ilet7) significantly 

sion of proteins (c-Myc, Oct4, Sox2, and Lin28) in different tumors (NS or Rg3) was analyzed via western blotting. 
(F) Isolated tumor cells from different tumors (NS or Rg3) were plated in low-serum nonadherent culture conditions. 
Mammosphere-forming abilities were also analyzed. (G) Left: ELDA was performed on isolated tumor cells with or 
without Rg3 treatment (NS or Rg3) from different tumors subcutaneously inoculated into nude mice. Right: Stem 
cell frequencies were estimated as the ratio 1/x with the upper and lower 95% confidence intervals, where 1 = stem 
cell and x = all cells. NS represents the saline control. (H) c-Myc expression in different breast cancer cells was 
analyzed by western blotting. (I) c-Myc expression in three pairs of breast tumor (T) and adjacent normal tissue (P) 
samples was subjected to western blot analysis. (J) Expression of MYC mRNA was analyzed by RT-qPCR after culture 
of MDA-MB-231 cells and (K) MCF-7 cells with Rg3. The data are presented as the mean ± SD of three independent 
experiments. Comparisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001. 
Scale bars, 100 μm.
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Figure 4. Rg3 inhibits the stem-like properties of breast cancer cells through decreasing MYC levels. (A) The efficiency of MYC knockdown was tested by western 
blot analysis in MDA-MB-231 cells (top) and MCF-7 cells (bottom). (B) Comparisons of mammosphere-forming abilities were performed following decreases in MYC 
expression in MDA-MB-231 cells and (C) MCF-7 cells. (D) MYC overexpression efficiency was tested by western blot analysis in MDA-MB-231 cells (top) and MCF-7 
cells (bottom). (E) Comparisons of mammosphere-forming abilities were performed after MYC expression was increased in MDA-MB-231 cells and (F) MCF-7 cells. 
The data are presented as the mean ± SD of three independent experiments. Comparisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, 
***P < 0.001. Scale bars, 100 μm.
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Figure 5. Rg3 upregulates let7 to impair MYC mRNA stability. (A, B) MDA-MB-231 cells and (C, D) MCF-7 cells were treated with or without Rg3 and then cultured 
with actinomycin D (ACTD, 5 μg/ml) to block de novo mRNA synthesis, after which total RNA was detected at the indicated time points (0, 30, 60 and 90 min) after 
ACTD application. (E) The mRNA level of MYC was measured in breast cancer cells treated with or without Rg3. (F) Expression of the let-7 cluster was analyzed by 
RT-qPCR (RNU6-2 was used as an internal control) after Rg3 treatment in MDA-MB-231 cells and (I) MCF-7 cells. (G) MDA-MB-231 cells were treated with the let-
7a/b inhibitor with or without Rg3. The relative MYC concentration was measured by RT-qPCR. (J) The protein expression of c-Myc was measured by western blot. (H) 
Expression of let-7a and let-7b (K) was analyzed by RT-qPCR in isolated tumor cells from different tumors (NS or Rg3). The data are presented as the mean ± SD of 
three independent experiments. Comparisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001.
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promoted MYC expression in both MDA-MB- 
231 and MCF-7 cells, which was reversed by 
Rg3 treatment (Figure 5H and 5I, Supplement- 
ary Figure 4E and 4F). More importantly, we 
found that, compared with those in saline-treat-
ed mice, let7a and let7b expression in mouse 
xenograft tumors was dramatically lower after 
intraperitoneal injection of Rg3 (Figure 5J and 
5K). Taken together, these results suggest that 
Rg3 regulates MYC mRNA stability by promot-
ing the microRNA let-7 cluster.

Discussion

The current study provides compelling evidence 
that ginsenoside Rg3, derived from ginseng, 
exerts time- and dose-dependent inhibitory 
effects on the viability and clonogenicity of 
breast cancer cells. Importantly, our findings 
suggest the potential use of Rg3 as an antican-
cer agent for breast cancer therapy. Rg3 sup-
pressed mammosphere formation, reduced 
the expression of stem cell-related factors 
(c-Myc, Oct4, Sox2, and Lin28), and decreased 
the ALDH(+) subpopulation. Additionally, in vivo 

experiments revealed that Rg3 inhibited xeno-
graft tumor volume and tumor-initiating fre-
quency in nude mice. Notably, Rg3 was identi-
fied as an accelerator of MYC mRNA degrada-
tion, as illustrated in Figure 6.

The primary chemical agents employed in 
breast cancer treatment, anthracyclines and 
taxanes, target cancer cell replication through 
DNA insertion and induce cell cycle arrest, 
respectively [36, 37]. Despite the positive 
responses observed with drugs such as trastu-
zumab, which targets HER2-positive breast 
cancer, limitations in efficacy and strong side 
effects remain challenges in contemporary 
antitumor treatments [38-40]. Recently, tradi-
tional drugs, including Rg3 found in the CFDA-
approved Shen-Yi capsule, have shown prom-
ise in overcoming these challenges. Notably, 
Rg3 has been utilized as an anti-lung cancer 
drug in clinical settings, demonstrating its posi-
tive impact on patient immunity and quality of 
life [41]. Our experimental evidence further 
supports the antitumor potential of Rg3, re- 
vealing its ability to inhibit tumor growth and 

Figure 6. Schematic of the antistemness mechanism of Rg3. Under normal conditions, the let7 family is expressed 
at low levels in cancer cells, resulting in stable MYC mRNA expression and high c-Myc expression. However, Rg3 
treatment upregulated the let-7 cluster, impaired MYC mRNA stability, reduced c-Myc expression and inhibited 
breast cancer stem-like properties.
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angiogenesis in human breast infiltrating duct 
carcinoma in nude mouse xenotransplantation 
assays compared to those in the control group 
(0.5% sodium carboxymethyl cellulose) [42]. 
Additionally, our innovative experiment demon-
strated that the combination of Rg3 with 
Endostar (a recombinant human endostatin) 
had stronger antitumor effects on breast can-
cer-bearing mice than did either drug alone, 
resulting in lower expression of vascular endo-
thelial growth factor (VEGF) and matrix metal-
loproteinase (MMP) [43]. Consistent with these 
studies, our research confirmed that Rg3 can 
effectively suppress breast cancer cell viability 
in a time- and dose-dependent manner (Figure 
1B-E, Supplementary Figure 1A and 1B). 
Moreover, Rg3 significantly reduced colony for-
mation ability in breast cancer cells (Figure 1F, 
1G, Supplementary Figure 1C), inspiring confi-
dence in further exploration of the antitumor 
mechanisms of Rg3.

The ultimate therapeutic effect on patients 
with breast cancer depends on the duration of 
recurrence after treatment with different thera-
peutic strategies. Among multitudinous fac-
tors, BCSC populations are considered promis-
ing therapeutic targets for breast cancer treat-
ment because of their contributions to tumor 
relapse and drug resistance [44]. Indeed, 
breast cancer cells that were resistant to epiru-
bicin contained high CD44High/CD24Low popula-
tions, indicating the important role of BCSCs in 
chemotherapy resistance [45]. Hopefully, using 
anti-BCSC drugs could improve the treatment 
efficacy. According to a surprising study, as an 
FDA-approved anthelmintic drug, flubendazole 
effectively enhanced the antitumor effect when 
combined with fluorouracil and doxorubicin. 
Mechanistic studies have shown that flubenda-
zole can significantly reduce the stemness of 
breast cancer cells [46]. Similarly, the Aurora-A 
inhibitor AKI603 combined with epirubicin sig-
nificantly eliminated tumor-initiating cells (TICs) 
and overcame drug resistance in breast cancer 
[45]. Interestingly, as a traditional herb deriva-
tive from ginseng, Rg3 has different degrees of 
inhibition of cancer stem-like characteristics 
via different pathways. For example, Rg3 could 
block NF-κB-mediated epithelial-mesenchymal 
transition and stemness to sensitize lung can-
cer cells to cisplatin [47]. In addition, Rg3 atten-
uates the expression of Sox-2 and Bmi-1 mainly 
through the nuclear localization of Akt-mediat- 

ed hypoxia inducible factor-1α (HIF-1α) in breast 
cancer cells [48]. To further explore the under-
lying mechanism of the anti-BCSC effect of 
Rg3, we treated breast cancer cells with Rg3 at 
a given concentration. As expected, Rg3 sup-
pressed mammosphere formation, decreased 
cancer stem-related marker levels, and reduced 
ALDH(+) subpopulation numbers (Figure 2A-F, 
Supplementary Figure 2A-E). Moreover, Rg3 
inhibited tumor growth and restrained tumor-
initiating frequencies in vivo (Figure 3A, 3B and 
3F). It was shown that as few as 1×103 MDA-
MB-231 cells could reach a 60% tumor graft 
rate (3/5 sites), whereas tumor-bearing mice 
that were intraperitoneally injected with Rg3 
achieved a 40% tumor graft rate (2/5 sites) 
with up to 1×104 MDA-MB-231 cells (Figure 3F).

As one of the main cancer stem cell reprogram-
ming factors, MYC plays a unique role in tumor 
initiation [49]. Consistent with these findings, 
our results showed that MYC depletion in bre- 
ast cancer cells suppressed mammosphere 
formation and colony formation compared with 
those in negative control cells. Surprisingly, 
there was no significant change in sphere for-
mation or colony formation capacity when we 
cultured MYC-downregulated cells with Rg3 
(Figure 4B and 4C, Supplementary Figure 3A 
and 3B). These results indicated that Rg3 
depressed BCSCs mainly through downregulat-
ing MYC expression. Indeed, overexpression of 
MYC enhanced the stem-like properties of 
breast cancer cells, which was dramatically 
inhibited by Rg3 treatment (Figure 4E, 4F, 
Supplementary Figure 3C and 3D). In an effort 
to investigate the mechanisms underlying the 
regulation of MYC expression by Rg3, we also 
detected MYC mRNA expression after Rg3 
treatment. As shown in Figure 3I and 3J, we 
found that Rg3 was likely to decrease MYC 
mRNA expression at the posttranscriptional 
level rather than through promoting its tran-
scriptional activity (Supplementary Figure 4A 
and 4B). Two regions within MYC mRNAs affect 
the short half-life of MYC. One is in the 
3’-untranslated region (UTR), named the AU-rich 
element (AURE), and the other is an ~250 nt 
coding region instability determinant (CRD) in 
the coding region [50]. The RNA-binding protein 
HUR can recruit let-7 miRNA to the MYC 3’UTR 
and promote let-7-loaded RNA-induced silenc-
ing complex (RISC) [19]. Notably, let-7 is a con-
served microRNA that functions as a tumor 
suppressor that can inhibit MYC [51]. In our 
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study, we found that culture of breast cancer 
cells with Rg3 significantly shortened the half-
life of MYC mRNA (Figure 5A-D), indicating a 
role for Rg3 in destabilizing MYC mRNA. 
Furthermore, we revealed that the let7 family 
members, especially let7a and let7b, act as  
key effectors in the regulation of MYC mRNA 
stability after Rg3 treatment (Figure 5E-J, 
Supplementary Figure 4E and 4F). Consistently, 
the protein levels of DICER and RAS, which are 
targeted by let-7, were increased (Supplement- 
ary Figure 4C and 4D).

In conclusion, our findings demonstrate that 
the traditional Chinese herbal medicine ginsen-
oside Rg3 has the potential to suppress breast 
cancer stem-like properties by destabilizing 
MYC mRNA at the posttranscriptional level. The 
multifaceted actions of Rg3, observed in both 
in vitro and in vivo settings, render it a promis-
ing and viable therapeutic strategy for the  
treatment of breast cancer. These preclinical 
insights provide a strong foundation for future 
clinical investigations and potential integration 
of Rg3 into breast cancer therapy protocols.
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Supplementary Materials and Methods

Cell viability assay and colony formation assay

For cell viability assay, cells were plated at a density of 1,000 cells/well in 96-well plates. The cytotoxic 
effect of 20 (R)-Rg3 was evaluated in different time point or concentration using cell counting assay 
kit-8 (CCK-8) according to the manufacturer’s instructions (CCK-8, Beyotime, Shanghai, China). For col-
ony formation assay, dissociated 1,000 cells were seeded in 6-cm dishes and treated with indicated 
concentration of 20 (R)-Rg3 for 2 weeks. After being cultured, cells were fixed and stained with 1% 
crystal violet (Shanghai Sengon Company, Shanghai, China) for 10 min at room temperature, then 
washed with phosphate buffered saline (PBS, Shanghai Sengon Company, Shanghai, China). The num-
ber of colonies, defined as >50 μm cells/colony were counted. Triplicate dishes were set up.

Western blot

After incubated with varying concentration of Rg3 for different times, cells were harvested and lysed in 
RIPA buffer containing 50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 
SDS, 1 mM phenylmethyl sulfonyl fluoride with freshly added cocktail protease inhibitor. Equal amounts 
of protein extract were separated by SDS-PAGE gel electrophoresis and transferred to a NC membrane 
(Millipore). The membranes were blocked with 5% fat-free milk in TBST at room temperature for 1 hour 
and incubated at 4°C overnight with primary antibodies, followed by incubation with peroxidase-conju-
gated secondary antibodies (Thermo Scientific, Rockford, lL, USA) for one hour at room temperature. 
Proteins were visualized by chemiluminescence (Amersham, Marlborough, MA, USA). The Primary anti-
bodies were used as follows: β-actin (Proteintech, Wuhan, China), c-Myc (Cell Signaling Technology, 
Danvers, MA, USA), SOX2 (Cell Signaling Technology, Danvers, MA, USA), OCT4 (Cell Signaling Technology, 
Danvers, MA, USA), LIN28 (Abcam, Cambridge, MA, USA), DICER (Cell Signaling Technology, Danvers, 
MA, USA) and RAS (Cell Signaling Technology, Danvers, MA, USA).

ALDH sorting assay

The ALDEFLUOR kit (Shanghai Stem Cell Technology Co. Ltd, Shanghai, China) was used for isolating the 
population with a high ALDH enzymatic activity. Cells which were exposed to Rg3 (25 μM) for 72 h were 
trypsinized, washed twice with PBS, then cells were suspended in ALDEFLUOR assay buffer containing 
ALDH substrate (BAAA, 1 μmol/l per 1×106 cells) and incubated for 45 minutes at 37°C. As negative 
controls, for each sample of cells an aliquot was treated with 50 mmol/L diethylaminobenzaldehyde 
(DEAB), a specific ALDH inhibitor. The ALDH-positive subpopulation was analyzed by BD FACS calibur 
flow cytometer.

RNA extraction, miRNA extraction, reverse transcription-PCR and quantitative real-time PCR

Total RNA was extracted from breast cancer cells using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) 
following manufacturer’s instructions. The cDNA was generated with an oligo-dT primer by using 
SuperScript III RT System (TransGene Biotech, Beijing, China). Quantitative real-time PCR (RT-qPCR) was 
performed using Platinum SYBR Green QPCR SuperMix (Invitrogen, Carlsbad, CA, USA) as recommend-
ed by the manufacturer. Changes of mRNA levels were determined by the 2-ΔΔCT method using Actin for 
internal crossing normalization. Detailed primer sequences for qPCR were listed in Supplementary 
Table 1.

Supplementary Table 1. Detailed primer sequences for qPCR
Gene name 5’-> 3’
let-7a AACUAUACAACCUACUACCUCA
let-7b AACCACACAACCUACUACCUCA
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For miRNA extraction, total RNAs were extracted from breast cancer cells using miRNeasy Mini kit 
(Qiagen, 217004, Germany). Levels of mature miRNAs were determined by RT-qPCR using miScript 
reverse transcription kit (Qiagen, 218061, Germany) and miScript SYBR Green PCR kit (Qiagen, 218073, 
Germany) according to the manufacturers’ instructions. PCR primer sets specific for let-7 were used 
with miScript Primer Assays (Qiagen, MS00006482, MS00003122, MS00003129, MS00031227, 
MS00006489, MS00008337, Germany), and the indicated miRNA levels were normalized against 
snRNA RNU6B. 

Lentivirus preparation and infection

HEK293T cells were used for packaging lentivirus with the 2nd generation packaging system plasmid 
psPAX2 (Addgene, Cambridge, MA, USA) and pMD2.G (Addgene, Cambridge, MA, USA). For infection 
with the lentivirus, cells were infected in 6-well plates and subsequently split into 10 cm dishes in the 
presence of 2 μg/mL puromycin (Sigma, St Louis, MO, USA) for selection over 72 hours. 

Plasmids

Promoters of MYC (-2,269/+516) was amplified from MDA-MB-231 genomic DNA and inserted into 
pGL3-Basic (Promega, Madison, WI, USA) to construct pGL3-MYC. Primers were as follows: 5’ MluI, 
5’-CGACGCGTCGGCCACCGGGAGAGAAAAGTTTACT; 3’HindIII, 5’-CCCAAGCTTGGGCTGGTTTTCCACTACC- 
CG. The full-length MYC plasmid, shRNA targeting MYC (shMYC-1, shMYC-2) and the non-target shRNA 
were kindly provided by Dr SI-SI Li (Institute of Cancer Stem Cell, Dalian Medical University, Dalian, 
China) and packaged for lentivirus particles.

Dual-luciferase reporter assay

For dual-luciferase reporter assay, MDA-MB-231 and MCF-7 cells were seeded into 12-well plates at the 
confluence of 70%. Next, cells were cultured with or without Rg3 (50 μM) and were transiently cotrans-
fected with pGL3-MYC reporter construct or empty pGL3-basic vector and phRL-TK Renilla control plas-
mid by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After transfection, luciferase activity 
was measured using the Dual-Luciferase Reporter Assay System Kit (Promega, Beijing, China) accord-
ing to the manufacturer’s instructions. Growth media were removed and cells were washed with PBS. 
Passive lysis buffer 500 ml per well was added with gentle rocking for 15 min at room temperature. Ten 
microlitres of lysate were transferred in black 96-well plate. For each luminescence reading, there would 
be a 2-s pre-measurement delay after injector dispensing assay reagents into each well, followed by a 
10-s measurement time. luciferase activity was quantified with a luminometer (Molecular Devices, 
Sunnyvale, San Francisco, USA). Transcription activity was calculated as the ratio of Firely luciferase 
activity (reporter) v.s. Renilla luciferase activity (control). All data were analyzed from at least three inde-
pendent experiments.
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Supplementary Figure 1. A. SK-BR-3 cells were treated with Rg3 (0 μM, 25 μM, 50 μM, 100 μM) for 48 h. Cell vi-
ability was determined by a CCK-8 assay as described in the Materials and Methods. B. SK-BR-3 cells were treated 
with 50 μM Rg3 for 0 h, 12 h, 24 h, 36 h, or 48 h. Cell viability was determined by a CCK-8 assay. C. Plate colony 
formation was analyzed following treatment with different concentrations of Rg3 (0 μM, 25 μM, 50 μM) in SK-BR-3 
cells. D. MCF-10A cells were treated with Rg3 (0 μM, 25 μM, 50 μM, 100 μM) for 48 h. Cell viability was determined 
by a CCK-8 assay as described in the Materials and Methods. E. MCF-10A cells were treated with 50 μM Rg3 for 0 
h, 12 h, 24 h, 36 h, or 48 h. Cell viability was determined by a CCK-8 assay. The data are presented as the mean ± 
SD of three independent experiments. Comparisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P 
< 0.01, ***P < 0.001.

Supplementary Figure 2. (A) The expression of c-Myc, Oct4, Sox2, and Lin28 in MDA-MB-231 cells and (B) MCF-7 
cells was analyzed after treatment with 50 μM Rg3 for 0 h, 12 h, 24 h, 36 h, or 48 h by western blot. MDA-MB-231 
cells were treated with 50 μM Rg3 for 0, 12, 24, 36, or 48 h. (C) Immunofluorescence staining of c-Myc, Oct4, Sox2, 
and Lin28 in MDA-MB-231 cells with or without Rg3 treatment. DAPI was used for nuclear staining. (D) Column 
graph showing ALDH-positive populations in MDA-MB-231 cells and (E) MCF-7 cells treated with different concen-
trations of Rg3 (0 μM, 25 μM). The data are presented as the mean ± SD of three independent experiments. Com-
parisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 500 μm.
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Supplementary Figure 3. (A) Comparisons of colony formation were performed following decreases in MYC expression in MDA-MB-231 cells and (B) MCF-7 cells. (C) 
Comparisons of colony formation were performed following increases in MYC expression in MDA-MB-231 cells and (D) MCF-7 cells. The data are presented as the 
mean ± SD of three independent experiments. Comparisons were analyzed by two-tailed Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure 4. (A) The full-length MYC promoter sequence was cloned and inserted into the pGL3-Basic plasmid, and dual-luciferase assays were per-
formed in MDA-MB-231 cells and (B) MCF-7 cells with or without Rg3, as described in Supplementary Materials and Methods. Transcription activity was calculated 
as the ratio of firefly luciferase activity (reporter) to Renilla luciferase activity (control). (C) MDA-MB-231 and (D) MCF-7 cells were cultured with Rg3. The cells were 
then harvested and subjected to western blotting. RAS and DICER abundances were used to evaluate the working efficiency of the let-7 cluster. (E) MCF-7 cells were 
treated with the let-7a/b inhibitor with or without Rg3. The relative MYC concentration was measured by RT-qPCR. (F) MCF-7 cells were treated with the let-7a/b 
inhibitor with or without Rg3. The protein expression of c-Myc was measured by western blotting. The data are presented as the mean ± SD of three independent 
experiments. Comparisons were analyzed by two-tailed Student’s t tests. ns means not significant. *P < 0.05, **P < 0.01, ***P < 0.001.


