
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2022) 79:360 
https://doi.org/10.1007/s00018-022-04384-1

ORIGINAL ARTICLE

Phenazine derivatives attenuate the stemness of breast cancer cells 
through triggering ferroptosis

Yue Yang1 · Yuanyuan Lu1 · Chunhua Zhang1 · Qianqian Guo2 · Wenzhou Zhang2 · Ting Wang1 · Zhuolu Xia1 · 
Jing Liu1 · Xiangyu Cheng1 · Tao Xi1 · Feng Jiang1 · Lufeng Zheng1 

Received: 5 February 2022 / Revised: 17 May 2022 / Accepted: 17 May 2022 / Published online: 11 June 2022 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract
Breast cancer stem cells (BCSCs) are positively correlated with the metastasis, chemoresistance, and recurrence of breast 
cancer. However, there are still no drugs targeting BCSCs in clinical using for breast cancer treatment. Here, we tried to 
screen out small-molecule compounds targeting BCSCs from the phenazine library established by us before. We focused on 
the compounds without affecting cell viability and screened out three potential compounds (CPUL119, CPUL129, CPUL149) 
that can significantly attenuate the stemness of breast cancer cells, as evident by the decrease of stemness marker expres-
sion,  CD44+/CD24– subpopulation, mammary spheroid-formation ability, and tumor-initiating capacity. Additionally, these 
compounds suppressed the metastatic ability of breast cancer cells in vitro and in vivo. Combined with the transcriptome 
sequencing analysis, ferroptosis was shown on the top of the most upregulated pathways by CPUL119, CPUL129, and 
CPUL149, respectively. Mechanistically, we found that these three compounds could trigger ferroptosis by accumulating 
and sequestering iron in lysosomes through interacting with iron, and by regulating the expression of proteins (IRP2, TfR1, 
ferritin) engaged in iron transport and storage. Furthermore, inhibition of ferroptosis rescued the suppression of these three 
compounds on breast cancer cell stemness. This study suggests that CPUL119, CPUL129, and CPUL149 can specifically 
inhibit the stemness of breast cancer cells through triggering ferroptosis and may be the potential compounds for breast 
cancer treatment.
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Background

Cancer stem cells (CSCs) have been considered as a root 
of tumor progression [1–3]. Breast cancer displays char-
acteristics of recurrence, metastasis, and chemoresistance 
due to its heterogeneity, which could be contributed by 
BCSCs [4]. Targeting BCSCs has been considered as a 
potential way for breast cancer treatment. However, there 
are still no drugs targeting BCSCs approved for clinical 
using in breast cancer treatment.

Many signaling pathways, such as Wnt, Hedgehog and 
Hippo, have been confirmed to be critically involved in 
BCSC progression [5]. Small molecular compounds and 
biologics have been developed for targeting CSCs, such 
as Glasdegib targeting leukemia stem cells (LSCs) [6], 
and ELZONRIS targeting CD123 that is highly expressed 
in LSCs has already been approved by the USA Food and 
Drug Administration (FDA) [7]. However, there are still no 
drugs targeting BCSCs approved for clinical application in 
breast cancer treatment. Thus, it is extremely important to 
find or construct drug repositioning to explore compounds 
targeting BCSCs.

Recently, the iron metabolism has been found to be 
dysregulated in BCSCs [8]. The iron level is increased 
in BCSCs, which confers BCSCs to be more sensitive to 
iron chelation [9]. Consistently, Basuli et al. indicated 
that ovarian cancer tumor-initiating cells (TICs) exhib-
ited an accumulation of excess intracellular iron and an 
augmented dependence on iron for proliferation [10]. Iron 
also can produce  OH. by inducing Fenton reaction which 
is the strongest oxygen-free radical in the reactive oxygen 
species (ROS), and  OH. can then attack lipid to increase 
lipid peroxidation, which is a critical contributor of ferrop-
tosis [5]. Additionally, iron homeostasis is modulated by 
different iron regulatory proteins, such as iron-responsive 
element-binding protein 2 (IRP2), transferrin receptor 1 
(TfR1), and ferritin. TfR1 and transferrin degradation in 
lysosomes have been shown to be increased in BCSCs, 
while ferroportin (FPN) is decreased [11]. Furthermore, 
the decrease of transferrin suppresses ROS production and 
induces ferroptosis [12]. Ferritin is a container to store 
iron and superoxide radicals can trigger the release of  Fe2+ 
from ferritin [13]. Notably, a lysosome disruptor, sirames-
ine, can increase iron level in breast cancer cells result-
ing in ROS production and ferroptosis [12]. Besides, the 
induction of ferroptosis is accompanied by the degradation 
of ferritin [14, 15].

Lysosomal activity has been shown to be engaged in 
lipid ROS-mediated ferroptosis through regulation of cel-
lular iron equilibria and ROS generation [16]. In 2017, 
Salinomycin and its derivatives were the first ever mol-
ecules described for killing BCSCs by inducing lysosomal 

iron sequestration and thus leading to ferroptosis [17]; 
this novel mechanism for killing BCSCs was further con-
firmed by numerous studies, for example, it was found 
that the decrease of iron concentration in lysosomes could 
maintain the stemness of cancer cells [18]; Xu et al. dem-
onstrated that Itraconazole attenuates the stemness of 
nasopharyngeal carcinoma cells via triggering ferroptosis 
through this same mechanism [19]. Similarly, Shi et al. 
phenocopied this mechanism by which Dichloroacetate 
attenuates the stemness of colorectal cancer cells [20]. 
Notably, the decrease of iron output-related genes and 
the increase of iron input-related genes represent a bet-
ter prognosis in breast cancer patients [21], and the CSC 
marker CD44 can mediate iron endocytosis in CSCs [22]. 
Furthermore, lysosome iron release has been shown to be 
essential for chemotherapy-induced stemness of small cell 
lung cancer cells [23]. Recently, iron nanoparticles that 
can target CSCs through ferroptosis and apoptosis were 
approved by the FDA, which bring up a new strategy to 
treat cancer by applying iron [24]. These results amplify 
that sequestering iron in lysosomes is a promising method 
in targeting BCSCs [25], and suggest that iron increase in 
BCSCs promotes the activity of iron-dependent proteins 
and avoids the damage caused by iron overload through 
reducing iron reserve in lysosomes, thus reaching an 
“adjusted iron homeostasis” in line with CSC metabolism 
level.

It has been reported that clofazimine, an imiphenazine 
drug, can inhibit the intercellular communication mediated 
by connexin Cx46 and induce the apoptosis of glioma CSC 
[26]. In consistent, clofazimine has recently been revealed 
to suppress leukemia stem cells [27]. Moreover, cloroprine 
can increase the sensitivity of leukemic cells to cisplatin 
and the sensitivity of three negative breast cancer cells to 
doxorubicin [28, 29]. These results suggest that phenazine 
compounds might inhibit BCSC. In the present study, we 
reported three phenazine derivatives (CPUL119, CPUL129, 
CPUL149) that can also significantly attenuate the stemness 
of breast cancer cells through sequestering iron in lysosomes 
by interacting with and sequestering iron in lysosomes 
and thus triggering ferroptosis. This study indicates that 
CPUL119, CPUL129, and CPUL149 may be the potential 
drugs for breast cancer treatment through targeting BCSCs.

Results

Identification of CPUL119, CPUL129, and CPUL149 
as novel small‑molecules attenuating breast cancer 
cell stemness

We tried to screen out potential compounds that can specifi-
cally attenuate the stemness of breast cancer cells without 
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affecting cell viability from the phenazine compound library 
we established before [30–33]. It was found that nine com-
pounds (W23, W24, W49, W53, CPUL116, CPUL124, 
CPUL119, CPUL129, CPUL149) had little effect on breast 
cancer cell viability (Table 1), which were chosen for the 
further studies. We initially performed qPCR analysis to 
evaluate these compounds on the mRNA expression levels of 
stemness markers. As shown in Supplementary Fig. S1A–F, 
the mRNA levels of at least two of three stemness markers 
(Oct4, Nanog, ALDH1A1) were decreased in MCF-7 cells 
treated with W23, W53, CPUL116, CPUL119, CPUL129, 
and CPUL149, and the inhibition displayed a concentration-
dependent manner. Although the mRNA levels of Sox2, 
Oct4 and Nanog were reduced in MCF-7 cells treated with 
W24, the inhibition was not in a concentration-dependent 
manner (Supplementary Fig. S1G). And only the mRNA 
level of Sox2 or Nanog was reduced in MCF-7 cells treated 
with W49 or CPUL124 (Supplementary Fig. S1H and 
I). However, as shown in Fig. 1A and B, only CPUL119, 
CPUL129, and CPU149 decreased the protein expression 
of stemness markers in a concentration-dependent manner. 
To further confirm the effects of CPUL119, CPUL129, and 
CPUL149 on the stemness of breast cancer cells, we con-
ducted western blot experiments in another two breast cancer 
cell lines (MDA-MB-231 and MCF-7-Adr) and obtained the 
consistent results (Fig. 1C and D). Therefore, these three 
compounds (CPUL119, CPUL129, CPUL149) were cho-
sen for the further investigation. The synthetic routes and 
structures of these three compounds are shown in Fig. 1E. 
Furthermore, MTT analysis confirmed that CPUL119, 
CPUL129, and CPUL149 had no effect on the cell viability 
of breast cancer cells and mammary epithelial cells within 
these concentrations (Supplementary Fig. S2).

Additionally, we conducted the transcriptome sequencing 
in breast cancer cells with or without CPUL119, CPUL129, 
CPUL149 treatment, respectively. As shown in Fig. 2A–C, 
the transcription of stemness-related genes (such as UCA1 
[34], MALAT1 [35]) was suppressed in cells treated with 
these three compounds, respectively. Furthermore, Gene 

Set Enrichment Analysis (GSEA) demonstrated that mul-
tiple signaling pathways related to stem cell differentiation 
were enriched in cells treated with these three compounds, 
respectively (Supplement Figs. S3 and S4). Moreover, the 
 CD44+/CD24− subpopulation with stemness was decreased 
by these three compounds (Fig. 2D–F). And CPUL119, 
CPUL129, and CPUL149 significantly suppressed the 
mammary spheroid-formation ability which is positively 
correlated with cancer cell stemness, as characterized by 
the decrease of spheroid size and number (Supplement Fig. 
S5). What’s more, we preformed clonogenic assay, which 
is also positively correlated with tumor cell stemness, and 
found the colony-formation potential was suppressed after 
being treated with CPUL119, CPUL129, and CPUL149 
(Supplementary Fig. S6). These results suggest that the com-
pounds CPUL119, CPUL129, and CPUL149 can inhibit the 
stemness of breast cancer cells in vitro.

CPUL119, CPUL129, and CPUL149 inhibit 
the migration, invasion, and chemoresistance 
of breast cancer cells

As CSCs have been regarded as one of a root of tumor metasta-
sis and drug resistance, we continued to investigate the effects 
of CPUL119, CPUL129, and CPUL149 on the migration, 
invasion, epithelial–mesenchymal transition (EMT) process 
and drug sensitivity of breast cancer cells. First, it was found 
that these three compounds could inhibit the expression of 
metastasis- and drug resistance-related genes based on the 
transcriptome sequencing analysis (Fig. 2A and Supplemen-
tary Fig. S7). We then performed the wound-healing assay 
to determine whether these three compounds could influ-
ence the migration ability of breast cancer cells. As shown 
in the Fig. 3A and Supplementary Fig. S8A, cell migration 
ability was restrained after being treated with these three 
compounds for 24 h and 48 h. The invasion ability of breast 
cancer cells was also inhibited by these three compounds for 
48 h (Fig. 3B and Supplementary Fig. S8B). In consistent, 
cell adhesion ability was significantly suppressed by these 
three compounds (Supplementary Fig. S8C). Additionally, 
it was found that the protein expression of epithelial marker 
(E-cadherin) was increased and mesenchymal marker (MMP-
9) expression was decreased by these three compounds, while 
N-cadherin expression, another mesenchymal marker, was 
not decreased significantly (Fig. 3C). Moreover, the effects 
of these three compounds on drug resistance were further 
explored. Since paclitaxel (Taxol) and Adriamycin (Adr) are 
the first-line chemotherapeutic drugs for breast cancer treat-
ment, we chose them as the research subjects. As shown in 
Fig. 3D and E, compared to the cells that only was treated 
with Taxol or Adr alone, a distinct decrease of IC50 values 
of Taxol and Adr was observed in different types of breast 
cancer cells treated with Taxol or Adr as well as CPUL119, 

Table 1  The information of compounds

Number Molecular weight IC50 in MCF-7 (μM)

W23 605.23  > 50
W24 646.16 50
W49 645.12 33.24 ± 2.29
W53 605.23  > 50
CPUL116 446.89 11.02 ± 0.83
CPUL119 444.28 21.23 ± 5.78
CPUL124 455.47 nd
CPUL129 460.46 nd
CPUL149 481.33 nd
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CPUL129 or CPUL149, respectively, including Adr-sensitive 
(MCF-7 and MDA-MB-231) and Adr-resistant (MCF-7-Adr) 
cells. Thus, our results demonstrate that CPUL119, CPUL129 
and CPUL149 can attenuate the metastasis and chemoresist-
ance of breast cancer cells in vitro.

CPUL119, CPUL129, and CPUL149 inhibit 
the stemness and metastasis of breast cancer cells 
in vivo

We then evaluated the tumor-initiating ability of MCF-7 and 
MDA-MB-231 cells pre-treated with or without CPUL119, 

CPUL129, or CPUL149, respectively. As shown in Fig. 4A–F, 
the tumor-initiating ability was decreased by the pre-treatment 
of CPUL119, CPUL129 or CPUL149, respectively, which was 
characterized by the decreased tumor formation rate and confi-
dence intervals for 1/(stem cell frequency). Notably, CPUL129 
just impaired the tumor-initiating ability of MCF-7 cells in the 
high concentration of injected cell number. This result sug-
gested that CPUL129 may not inhibit the stemness of breast 
cancer cells in vivo, at least in the lower cell concentrations. 
Additionally, we constructed a lung metastatic model through 
injecting MDA-MB-231 cells by tail intravenous in nude mice. 
After one week, these nude mice were treated with CPUL119, 

Fig. 1  Identification of CPUL119, CPUL129 and CPUL149 as novel 
compounds targeting BCSCs. A and B Western blot analysis on the 
protein expression of stemness markers in MCF-7 cells treated with 
or without compounds (W23, W53, CPUL116, CPUL119, CPUL129 
and CPUL149) for 48  h. C Western blot analysis on the protein 
expression of stemness markers in MDA-MB-231 cells treated with 

or without compounds (CPUL119, CPUL129, and CPUL149) for 
48 h. D Western blot analysis on the protein expression of stemness 
markers in MCF-7-Adr cells treated with or without compounds 
(CPUL119, CPUL129, and CPUL149) for 48  h. E The synthetic 
route of CPUL119, CPUL129 and CPUL149
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CPUL129, and CPUL149 by tail intravenous every three days, 
respectively. One month later, these mice were sacrificed 
(Fig. 5A). As shown in Fig. 5B and C, through H&E staining 
analysis, mice treated with these three compounds displayed 
smaller and fewer lung metastatic nodules compared with 
control mice which were treated with solvent. Importantly, 
mice treated with these three compounds exhibited a healthier 
phenotype by detecting weight (Fig. 5D). Consequently, these 
results demonstrate that CPUL119, CPUL129, and CPUL149 

can inhibit the stemness and metastasis of breast cancer cells 
in vivo.

CPUL119, CPUL129, and CPUL149 directly 
binds to iron (II), regulates iron homeostasis, 
and ferroptosis in breast cancer cells

To explore the potential mechanisms underlying the effects 
of CPUL119, CPUL129, and CPUL149 on the stemness 

Fig. 2  CPUL119, CPUL129 and CPUL149 inhibit the stemness 
of breast cancer cells. A Expression of stemness-, migration- and 
chemo-resistance-related genes was analyzed in cells treated with or 
without CPUL119 treatment based on RNA-seq analysis. B and C 
Expression of stemness-related genes was evaluated in cells treated 
with or without CPUL129 (B) and CPUL149 (C) based on RNA-

seq analysis. D–F The subpopulation of  CD44+/CD24− was ana-
lyzed by flow cytometry in breast cancer cells treated with or without 
CPUL119, CPUL129, and CPUL149, respectively (D), and quanti-
fied (E and F). Data are presented as the mean ± SD, n = 3, *p < 0.05, 
**p < 0.01, ***p < 0.001 vs. control group
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of breast cancer cells, we re-analyzed the transcrip-
tome sequencing datasets and found that the ferroptosis 
(HSA04216) was significantly enriched in cells treated with 
these three compounds, respectively (Fig. 6A–C). Consist-
ently, GO analysis revealed that some biological process-
related lysosome function and iron transport were enriched, 
such as lysosomal lumen, iron–sulfur cluster assembly, 
protein maturation by iron–sulfur (Supplementary Figs. 
S9–11). KEGG pathway analysis showed that glutathione 
(GSH) metabolism, which is also involved in ferroptosis, 
was enriched too (Supplementary Figs. S9–11). As there are 
two factors regulating lipid peroxides which are the critical 
contributors for ferroptosis, including GSH and iron con-
centration [5], we first detected the effects of these three 
compounds on GSH level; however, it was found that GSH 
level was not changed by these three compounds (Fig. 7A). 
Then, we evaluated iron concentration in breast cancer 
cells (cells were serum-starved before treatment with com-
pounds) with or without treatment of CPUL119, CPUL129, 
or CPUL149, respectively, and found that iron concentra-
tion was significantly increased by these three compounds 
(Fig. 7B). Furthermore, we examined the effect of these 
compounds on iron homeostasis. Treatment of CPUL119, 
CPUL129, or CPUL149 induced a cytoplasmic deletion of 
iron, which was characterized by the increase of TfR1, IRP2, 
and DMT1 (divalent-metal transporter-1) expression along 
with decreased ferritin expression (Fig. 7C–G). Besides, an 
increase of iron was observed in cells treated with these 
three compounds, respectively (Fig. 8A). What’s more, the 
compounds displayed an interaction with iron in MCF-7 
cells based on the co-localization-coefficient Rr values 
(> 0.5) (Fig. 8B).

Then UV–vis spectrometry was performed to evaluate 
the binding of CPUL119, CPUL129, and CPUL149 to iron 
(II) and it was found that CPUL119 and CPUL149 dis-
played the absorbance peak around 374 nm and CPUL129 
displayed the absorbance peak around 340 nm, as well as 
all compounds showed the absorbance peak around 445 nm 
(Fig. 8C). Therein, we observed little to no loss of absorb-
ance at the λmax wavelength (445 nm) for CPUL119 and 
CPUL149 following addition of ammonium iron (II) sulfate 

hexahydrate. In contrast, addition of iron (II) to CPUL129 
presents a distinct loss of absorbance at the λmax of 340 nm. 
It seemed apparent that CPUL119 and CPUL149 exhibited 
weak chelation to copper (II). Significantly, CPUL129 was 
more inclined to chelate copper (II) in a manner representa-
tive of expected 2:1 phenazine: iron(II) stoichiometry, which 
indicated a phenazine − iron (II) complex [in a 2:1 phena-
zine/iron(II) ratio] was apparently formed over the indicated 
time points along with yielding a loss in absorbance.

We then wondered whether the increased iron concen-
tration could increase the production of lipid peroxides. 
As expected, ROS level was increased in cells treated with 
these three compounds, respectively (Fig. 8D and E). Con-
sistently, GO analysis showed that gene associated with 
oxidation–reduction processes were enriched, such as oxi-
doreductase activity (Supplementary Fig. S10), and lipid 
peroxidation was increased by the treatment of these three 
compounds (Supplementary Figs. S12A–D).

We then detected the localization of CPUL119, 
CPUL129, and CPUL149 in breast cancer cells. As shown in 
Fig. 9A, CPUL119, CPUL129, and CPUL149 were located 
in lysosomes, while a few of them were also located in mito-
chondria which plays a critical role in oxidative metabo-
lism (Supplementary Fig. S13A) [36], demonstrating that 
these three compounds mostly accumulate in lysosomal 
compartment. Additionally, it was found that CPUL119, 
CPUL129, and CPUL149 interacted with iron and led to 
the iron aggregation in lysosomes, while iron was diffused in 
the cytosol of untreated-cells (Supplementary Fig. S13B and 
Fig. 9B). These data indicated that CPUL119, CPUL129, 
and CPUL149 can interact and induce iron aggregation in 
lysosomes.

CPUL119, CPUL129, and CPUL149 attenuate 
the stemness of breast cancer cells partially 
through triggering ferroptosis

Finally, we investigated whether CPUL119, CPUL129, 
and CPUL149 attenuate the stemness of breast cancer cells 
through triggering ferroptosis. To determine whether other 
cell death pathways, including necrosis and apoptosis, are 
involved in these three compound-mediated inhibitions on 
breast cancer cell stemness, apoptosis inhibitor Z-VAD-
FMK, necrosis inhibitor Nec-1, ferroptosis inhibitor Fer-1, 
or ROS scavenger NAC were added in cells with CPUL119, 
CPUL129, or CPUL149 treatment, respectively. As shown 
in Fig. 10, ferroptosis inhibitor or ROS scavenger NAC, 
but not Z-VAD-FMK or Nec-1, rescued the suppression of 
CPUL119, CPUL129, or CPUL149 on stemness marker 
expression. Besides, we explored whether the effects of 
CPUL119, CPUL129 or CPUL149 on the stemness of breast 
cancer cells were indeed dependent on lysosome function 
or iron. CA-074 (an inhibitor of the lysosomal protease 

Fig. 3  CPUL119, CPUL129 and CPUL149 inhibit the migration, 
invasion, EMT process, and drug resistance of breast cancer cells. A 
and B The migration and invasion ability were measured and quanti-
fied by wound-healing and transwell invasion analysis in cells treated 
with or without CPUL119, CPUL129, and CPUL149 for 24  h and 
48 h, respectively. C The protein expression of EMT markers (E-cad-
herin, N-cadherin, MMP9) was measured in MCF-7 cells treated 
with or without CPUL119, CPUL129, and CPUL149 for 48  h. D 
and E Cell viability was determined in cells treated with CPUL119 
(4.5  μM), CPUL129 (1.8  μM), and CPUL149 (0.9  μM) combined 
with Adr or Taxol for 48 h through MTT analysis. Data are presented 
as the mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. con-
trol group

◂
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cathepsin B) or iron-chelating agent deferoxamine (DFO) 
was added in cells treated with these three compounds, 
respectively. As shown in Supplementary Figure S12A-D, 
the increased lipid peroxides led by these three compounds 
were attenuated by CA-074, and enhanced by DFO. Addi-
tionally, the decreased subpopulation of  CD44+/CD24− ratio 
led by CPUL119, CPUL129, or CPUL149 was partially 

abrogated by Fer-1 or NAC, respectively (Supplementary 
Fig. S14A–D). Furthermore, a consistent result was obtained 
when spheroid-formation ability was evaluated, including 
the increased spheroid number and size (Supplementary 
Fig. S14E and F). Consistently, CA-074 rescued the effects 
of CPUL119, CPUL129, and CPUL149 on the expression 
of ferritin and stemness markers (Fig. 11A and B). These 

Fig. 4  CPUL119, CPUL129 and CPUL149 inhibit the stemness 
of breast cancer cells in vivo. A and B Images of tumors harvested 
when serially diluted MDA-MB-231 cells with or without CPUL119, 
CPUL129 or CPUL149 pre-treatment for 48 h, respectively (A) and 
tumor formation rate was evaluated (B). C Tumor Initiation Cells 
(TIC) frequencies (left), χ2 values, and associated probabilities (right) 

of cells described in (A). D and E Images of tumors harvested when 
serially diluted MCF-7 cells with or without CPUL119, CPUL129 or 
CPUL149 pre-treatment, respectively (D) and tumor formation rate 
was evaluated (E). F TIC (Tumor Initiation Cells) frequencies (left), 
χ2 values, and associated probabilities (right) of cells described in (D)
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above results link the lysosomal degradation of ferritin to 
the production of ROS in this organelle through the release 
of additional soluble redox-active iron, thus attenuating the 
stemness of breast cancer cells. Ferric ammonium citrate 
(FAC) was added into breast cancer cells to increase the 
iron concentration and the results indicated that FAC indeed 
promoted the expression of stemness markers and ferritin 
and even reversed the effects of CPUL119, CPUL129 and 
CPUL149 on the expression of ferritin and stemness mark-
ers (Fig. 11C and D). Overall, our results demonstrate that 
CPUL119, CPUL129 and CPUL149 suppress the stemness 
of breast cancer cells through sequestering iron in lysosomes 
and triggering ferroptosis (Fig. 12).

Discussion

BCSCs have been considered to be the root of breast can-
cer progression; thus, targeting BCSCs may be a promis-
ing way to treat breast cancer thoroughly [4, 37–39]. In the 
present work, we aim to screen out small-molecule com-
pounds that could inhibit the stemness of breast cancer cells 
from the phenazine library established by us before. We 
finally screened out CPUL119, CPUL129 and CPUL149 
as promising compounds which can specifically attenuate 
the stemness of breast cancer cells without affecting cell 
viability, as evident by the ability to reduce the stemness, 
invasion and chemoresistance in vitro and in vivo, and 

Fig. 5  CPUL119, CPUL129 and CPUL149 inhibit the metastasis of 
breast cancer cells in vivo. A The diagram to construct the lung met-
astatic model in nude mice. B H&E staining of lungs derived from 
mice treated with or without CPUL119, CPUL129 or CPUL149, 

respectively. C The numbers of metastatic nodules were quantified. 
D The weight of nude mice was measured when sacrificed. Data are 
presented as the mean ± SD, n = 5, *p < 0.05, ***p < 0.001 vs. control 
group
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CPUL149 showed a better activity among the three com-
pounds. Although CPUL 149 at concentrations of 0.01 and 
0.03 μM exhibited no difference in MCF-7 cell spheroid 
formation, and no difference in the size of MDA-MB-231 
cell spheres, this might be due to the low drug concentra-
tions and lower stemness of MCF-7 cells, leading to that the 
effects of compounds on MDA-MB-231 cells were more 
obvious than that in MCF-7 cells.

Targeting the abnormal signaling pathways, such as 
Wnt, Notch, Hedgehog and autophagy, has been shown to 
potentially killing CSC as we reviewed in a recent study [5]; 

however, most of small-molecule compounds are just in the 
preclinic stage. Targeting iron metabolism using the iron 
nanoparticles can be used to treat cancer through ferroptosis, 
which has been approved by FDA [40]. Besides, inducing 
ferroptosis through sequestering iron in lysosome has been 
confirmed to specifically killing CSCs including BCSCs [17, 
19, 20, 41]. Similarly, Luca Laraia et al. found an autophagy 
inhibitor autoquin, which could also sequester  Fe2+ in lys-
osomes, resulting in an increase of lysosomal ROS and ulti-
mately cell death [42]. In this work, we found CPUL119, 
CPUL129 and CPUL149 could increase the content of iron 

Fig. 6  Transcriptome analysis on MD-MB-231 cells treated with or without CPUL119, CPUL129 and CPUL149. A–C GSEA enrichment analy-
sis showed that the ferroptosis pathways were enriched in MDA-MB-231 cells treated with CPUL119, CPUL129 or CPUL149, respectively
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Fig. 7  CPUL119, CPUL129 and CPUL149 regulate the iron homeo-
stasis and ferroptosis in breast cancer cells. A GSH level was detected 
in MCF-7 and MDA-MB-231 cells treated with or without CPUL119 
(4.5  μM), CPUL129 (1.8  μM) and CPUL149 (0.9  μM) for 48  h. B 
Iron concentration was measured in MCF-7 and MDA-MB-231 cells 
treated with or without CPUL119 (4.5 μM), CPUL129 (1.8 μM) and 
CPUL149 (0.9  μM) for 48  h. C, D The protein expression of iron 
metabolism-related genes including IRP2, TfR1, and ferritin was ana-

lyzed by western blot in MCF-7 and MDA-MB-231 cells treated with 
or without CPUL119 (4.5  μM), CPUL129 (1.8  μM) and CPUL149 
(0.9  μM) for 48  h. E–G The expression of iron metabolism-related 
genes including IRP2, TfR1, DMT1, and ferritin was analyzed by 
qPCR in MCF-7 and MDA-MB-231 cells treated with or without 
CPUL119, CPUL129 and CPUL149 for 48 h. Data are presented as 
the mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO 
group
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Fig. 8  CPUL119, CPUL129 and CPUL149 regulate iron homeosta-
sis and ferroptosis in breast cancer cells. A The localization of iron 
and CPUL119, CPUL129 and CPUL149 was detected using a laser 
confocal microscope and the co-localization-coefficient was analyzed. 
B Quantification of iron concentration in A. C UV–vis spectros-
copy of CPU119, CPU129- and CPU149-binding iron (II) at differ-

ent time points of 0, 5, 10, 20, 40 and 80 min. D and E ROS level 
was measured in MCF-7 and MDA-MB-231 cells treated with or 
without CPUL119, CPUL129 and CPUL149 for 48 h. Compound-S 
represents the cell stained with ROS probe. Data are presented as the 
mean ± SD, n = 3, **p < 0.01, ***p < 0.001 vs. control group
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in breast cancer cells accompanying with the change of iron 
regulatory protein, such as IRP2, TfR1 and ferritin. Specifi-
cally, these three compounds can interact, induce iron aggre-
gation in lysosome and thus trigger ferroptosis. We noted 
that although iron in lysosomes could be further increased 
after the treatment of these compounds, iron also locates 
in lysosomes in the normal situation (Fig. 11C and D), this 
indicates an iron-rich environment in lysosomes [43]. Fur-
thermore, based on the UV–vis spectrometry analysis, we 
think that these three molecules reversibly bind to iron and 
thus induce iron aggregation in lysosomes. Additionally, the 
decreased stemness resulted by these three compounds was 
attenuated or even reversed by ferroptosis inhibitor (fer-1), 
NAC and ferritin degradation inhibitor (CA-074), and the 
stemness was increased if we used the FAC to increase the 
iron. Notably, a small number of CPUL119, CPUL129 and 
CPUl149 were located in mitochondria which play a critical 
role in oxidative metabolism; this result hints that these three 
compounds might also affect iron homeostasis via modu-
lating oxidative stress in mitochondria as oxidative stress 
has recently been shown to be linked with iron homeostasis 
[44]. Besides, apoptosis or necrosis inhibitor could also res-
cue the effects of these three compounds on the stemness of 
breast cancer cells although without significance. The GO 
analysis enriched necrosis correlated biological processes, 
such as tumor necrosis factor receptor and tumor necrosis 
factor receptor binding (Supplementary Fig. S4A). These 
results suggest that CPUL119, CPUL129 or CPUL149 might 
suppress the stemness of breast cancer cells through other 
signaling pathways, or these three compounds suppress the 
stemness of breast cancer cells through different signaling 
pathways as shown in the GO- or KEGG-enrichment analy-
sis. Furthermore, since cancer cells can be transformed into 
CSCs under certain conditions [45, 46], the effects of apop-
tosis or necrosis inhibitor on the stemness of breast cancer 
cells might be led by the effects on cancer cells. Moreo-
ver, we determined the location of these compounds only 
using lysosome probe and mitochondrion probe, while other 
organelle probes, such as endoplasmic reticulum or Golgi 
apparatus, were not used. What’s more, it must be noted that 
although N-cadherin expression did not change by CPUL129 
treatment (Fig. 3C), another two EMT markers (E-cadherin 
and MMP9) expression was altered, indicating the inhibition 
of CPUL129 on EMT process and that CPUL129 might not 
suppress all of the EMT markers. Therefore, it is still unclear 
whether CPUL119, CPUL129 and CPUL149 locate in other 
organelles. Finally, supplementing with FAC enhanced the 
stemness of breast cancer cells, this is consistent with the 
previous study indicating that glioblastoma stem-like cells 
prefer to iron trafficking [47]. The decreased stemness of 
breast cancer cells could inhibit the recurrence and resist-
ance of breast cancer. In this article, we proved CPUL119, 
CPUL129 and CPUL149 could inhibit the stemness of 

breast cancer cells, and these three compounds through 
further structure modification may become a new adjuvant 
therapy in treating breast cancer. Besides, we also found that 
CPUL119, CPUL129 and CPUL149 could interact with  Fe2+ 
to trigger ferroptosis, the structure of compounds binding 
with  Fe2+ reminds us to explore more similar compounds 
that may have more effects to reduce the stemness of breast 
cancer cells.

Although the compounds inhibiting the stemness of 
breast cancer cells through ferroptosis have been shown to 
have better research trend, the risks should be considered. 
At first, the iron metabolism is very vital in hematologic, 
cardiomyopathy and liver [48–50]; thus, the iron overload 
may cause the unpredictable effects to this system; how-
ever, these three compounds may have no effect on hemat-
opoietic system as a healthier phenotype was observed in 
mice treated with these three compounds by detecting mice 
weight (Fig. 7D). Besides, once the ferroptosis happens, 
abundant oxidative substance can be produced, such as OH·, 
these oxidative substances may attack the normal tissue. 
Therefore, more experiments are still needed to make these 
compounds in the clinic. Notably, in terms of the molecular 
structure of CPUL119, CPUL129 and CPUL149, we specu-
lated these three compounds are likely to act as a kind of 
metal chelator, which means that the amino substituent in the 
phenazine skeleton and oxygen atom in the pyran ring could 
chelate iron ions in lysosomes to form complexes resulting 
in the decrease of intracellular concentrations of free iron 
ions and finally cause ferroptosis, this speculation should be 
confirmed by other experiments, such as Nuclear Magnetic 
Resonance (NMR), and the detailed binding sites should be 
further explored.

Conclusion

Nowadays, the chemotherapeutic drugs used for treating 
breast cancer usually appear resistance and accompany 
by tumor metastasis [51]. CSCs are considered as the root 
of tumor occurrence and recurrence, and breast cancer 
stemness is positively correlated with resistance and migra-
tion. Hence, the compounds targeting BCSCs maybe show 
better results in clinical. Currently, there are still no com-
pounds targeting BCSCs approved by FDA and breast cancer 
treatment is mainly aimed at the most differentiated cells in 
tumor tissue, which can kill most tumor cells rather than 
BCSCs in a very short time, but enrich BCSCs to a certain 
extent [52]. Subsequently, the surviving BCSCs lead to the 
recurrence and metastasis. Therefore, our findings suggest 
that CPUL119, CPUL129, and CPUL149 may become a 
new adjuvant therapy or lead compounds to further enrich 
the library of molecules targeting BCSCs, and may be the 
potential compounds for breast cancer treatment.
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Methods

Cell culture

Human breast cancer cell lines including MCF-7 cells, 
MDA-MB-231 cells and Adriamycin resistant MCF-7-Adr 
cells were stored in our laboratory. The MCF-7 and MDA-
MB-231 cells were cultured in DMEM medium (KeyGEN, 
Cat# KGM12800-500) with 10% fetal bovine serum (FBS, 
BI, Cat# 04-001-1ACS). MCF-7-Adr cells were cultured in 
1640 medium (KeyGEN, Cat# KGM31800-500) with 10% 
fetal bovine serum. All cells were cultured at 37 °C under a 
humidified atmosphere with 5%  CO2.

Reagents

Z-VAD-FMK (APExBIO, Cat# A1902), Necrostatin-1 
(APExBIO, Cat# A4213), Ferrostatin-1 (APExBIO, Cat# 
A4371), NAC (Beyotime, Cat# S0077), CA-074 methyl ester 
(MCE, Cat# HY-100350), Ammonium ferric citrate (Sigma, 
Cat# F5879), Deferoxamine mesylate salt (YuanyeBio, Cat# 
S61301).

Quantitative real‑time PCR (qPCR)

The process of this experiment was referred to our previous 
study [53]. And others sequences of primers used for qPCR 
were listed in Table 2.

Western blot

The cells were collected by 1 × PBS (phosphate buffer 
saline) (diluted with double distilled water, Servicebio, 
Cat# G4207-500ML) and were lysed with RIPA Lysis Buffer 
(Beyotime, Cat# P0013B) with PMSF (1:100, Beyotime, 
Cat# ST506) on the ice. After SDS-PAGE (sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis) analysis, 
the proteins were transferred on the PVDF (polyvinylidene 
fluoride) membranes (Millipore, Cat# IPVH00010), which 
were then incubated with the primary antibodies at 4℃ over-
night. The membranes were incubated with the secondary 
antibodies (Goat Anti-Rabbit IgG (H + L), HRP conjugate; 
Goat Anti-Mouse, IgG (H + L), HRP conjugate, proteintech, 
Cat# SA00001-2, Cat# SA00001-1) and protein signals were 
detected with High-sig ECL Western Blotting Substrate 
(Tanon, Cat# 180–5001) on Tanon5200. The antibody used 

in this study included ALDH1A1 (Proteintech, 15910-1-AP), 
Oct3/4 (Wanleibio, Cat# WL01728), GAPDH (Proteintech, 
Cat# 60004-1-l g), E-cadherin (Proteintech, Cat# 20874-1-
AP), N-cadherin (Proteintech, Cat# 22018-1-AP), MMP9 
(Affinity, Cat# AF5228), IRP2 (Proteintech, Cat# 23829-1-
AP), TfR1 (Santa, Cat# SC-32272), ferritin (Abcam, Cat# 
ab75973).

Flow cytometry analysis

MCF-7 and MDA-MB-231 cells were seeded into 6-well 
plates and treated with different compounds or inhibitors, 
after 48 h, cells were stained with Hu CD44 APC (BD 
Pharmingen, Cat# 559942) and Hu CD24 BV421 (BD 
Pharmingen, Cat# 562789) on ice in 30 min and then the 
subpopulation of  CD44+/CD24− ratio was analyzed on a 
MACSQuant flow cytometer (Miltenyi Biotec).

Cell spheroid‑formation assay

MCF-7 and MDA-MB-231 cells were seeded into low-
adherent 24-well plates at a density of 3000–5000 cells/well 
and cultured with the MammoCult™ Human Medium Kit 
(stemcell, Cat# 05620) supplemented with compounds for 
8 days. Then spheroid number was calculated and size was 
measured under a microscope (Leica).

MTT

Cell viability was measured by MTT (Solarbio, Cat# M8180-
250 mg). MCF-7, MDA-MB-231 and MCF-7-Adr cells were 
seeded into 96-well plates at a density of 3000–5000 cells/
well. After 24 h, different concentrations of W23, W24, 
W49, W53, CPUL116, CPUL119, CPUL124, CPUL129, 
and CPUL149 were added. 48 h later, 20 μl 5 mg/ml MTT 
was added into the medium for a 4 h culturing. Then the 
medium was removed and 150 μl DMSO was added into 
each well. After shocking for 10 min, the absorbance at 
490 nm was analyzed on a Biorad iMark.

Detection of lipid peroxidation

MCF-7 and MDA-MB-231 cells were seeded into 6-well 
plates. After 24  h, cells were treated with compounds 
(4.5  μM CPUL119, 1.8  μM CPUL129 and 0.9  μM 
CPUL149), NAC (5 mM), and DFO (2 μM). 48 h later, 
cells were stained with 10 μM Lipid peroxidation sensor 
(ThermoFisher, Cat# B3932) for 30 min at 37℃. Then lipid 
peroxidation level was analyzed with a flow cytometer.

Fig. 9  CPUL119, CPUL129 and CPUL149 interact and seques-
ter iron in lysosomes in breast cancer cells. A The localization of 
CPUL119, CPUL129, and CPUL149 was determined using lysosome 
probe (Lysotracker), and the co-localization-coefficient was analyzed. 
B The co-localization of CPUL119, CPUL129, or CPUL149 and iron 
was quantified with Image J. Data are presented as the mean ± SD, 
n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group

◂
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Detection of ROS level

MCF-7 and MDA-MB-231 cells were seeded into 6-well 
plates. After 24  h, cells were treated with compounds 
(4.5  μM CPUL119, 1.8  μM CPUL129 and 0.9  μM 
CPUL149). 48 h later, the production of ROS was ana-
lyzed by reactive oxygen species assay kit (Beyotime, Cat# 
S0033S) through a flow cytometer.

GSH determination

The analysis of GSH was performed by Micro Reduced Glu-
tathione (GSH) Assay Kit (Solarbio, Cat# BC1175) follow-
ing the manufacturer’s recommendation.

Analysis of iron content

The content of iron in the cells was measured by Iron Col-
orimetric Assay Kit (Applygen, Cat# E1042-100) according 
to the standard protocol. Briefly, MCF-7 and MDA-MB-231 
cells were seeded into 24-well plates. After 24 h, cells 
were treated with compounds (4.5 μM CPUL119, 1.8 μM 
CPUL129 and 0.9 μM CPUL149). 48 h later, then iron con-
centration was analyzed by Iron Colorimetric Assay Kit.

UV − vis for HPs binding iron (II)

We tried to obtain the evidence that CPU119, CPU129 and 
CPU149 were able to directly bind to iron (II). The process 

of phenazine–iron (II) complex formation was indepen-
dently evaluated by UV–vis spectrometry. Ammonium iron 
(II) sulfate hexahydrate (0.5 equiv) was added to a stirring 
solution of a phenazine derivative (5 mM, 5 ml) in dime-
thyl sulfoxide. Aliquots (20 μl) were then removed from the 
resulting mixture and added to dimethyl sulfoxide (980 μl) 
in a cuvette. Spectral scanning was performed from 300 to 
800 nm in 2 nm increments [54, 55].

Wound‑healing assay

MCF-7 and MDA-MB-231 cells were seeded into 6-well 
plates and cultured in complete medium until growing up 
to 90%. Then, a wound was produced on cell surface, and 
washed it with PBS twice to remove cell fragments. Cells 
were cultured in the medium with low serum concentration 
(≤ 2%) contained compounds or solvent. After 24 h and 48 h, 
wounds were observed and taken with a microscope. Migra-
tion rate = (Dt − D0) / D0, Dt represents the distance between 
the wounds at different times.

Invasion assay

Cell invasion ability was assayed by transwell inva-
sion analysis. Finally, the Millicell Hanging cell culture 
inserts (Merck, Cat# MCEP24H48) coated with Matrigel 
matrix (Corning, Cat# 356234) were prepared in the 
24-well plates. The 2 ×  105 MCF-7 or MDA-MB-231 cells 
within 200 μl serum-free medium treated with different 

Fig. 10  CPUL119, CPUL129 and CPUL149 attenuate the expression of stemness markers of breast cancer cells partially through triggering fer-
roptosis. The expression of stemness markers was detected in MCF-7 and MDA-MB-231 cells treated as indicated
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compounds or solvent were added into the upper chamber, 
and the lower chamber was filled with medium containing 
20% serum. After 48 h, cells were fixed with 70% etha-
nol for 20 min at room temperature. Then, the invaded 
cells were stained with crystal violet staining solution 
(Beyotime, Cat# C0121-100 ml), and observed under a 
microscope. After then, the chambers were washed with 
33% glacial acetic and the absorbance at 570 nm was ana-
lyzed on a Biorad iMark, which represents the invaded 
cell number.

Cell adhesion assay

Detailed procedure was referred to our previous study 
[56].

Fluorescence microscopy analysis

MCF-7 cells were seeded into glass-bottom culture dishes 
(NEST, Cat# 801001) to carry on this experiment. After 
24 h, cells were treated with different compounds (4.5 μM 
CPUL119, 1.8 μM CPUL129 and 0.9 μM CPUL149). 48 h 
later, cells were stained with different probes as the fol-
lowing methods. 50 nM LysoTracker Deep Red (Ther-
moFisher, Cat# L12492) was incubated with cells for 
90 min at 37 °C. 50 nM MitoTracker Deep Red (Ther-
moFisher, Cat# M22426) was incubated with cells for 
30 min at 37 °C. 1 μM FerroOrange (DOJINDO, Cat# 
F374) was incubated with cells for 30 min at 37 °C. 2 μg/
ml Hoechst 3342 was incubated with cells for 30 min 
at 37 °C. After stained with different probes, we used a 
LSM800 to analyze.

Fig. 11  CPUL119, CPUL129 and CPUL149 attenuate the stemness 
of breast cancer cells partially through triggering ferroptosis. A and 
B Western blot analysis on the iron regulatory genes and stemness 
markers in MCF-7 and MDA-MB-231 cells treated with CPUL119, 
CPUL129, CPUL149 as well as CA-074 or not. C and D Western blot 

analysis on the ferritin and stemness marker expression in MCF-7 and 
MDA-MB-231 cells treated with CPUL119, CPUL129, CPUL149 as 
well as FAC (60  μM) or not. Data are presented as the mean ± SD, 
n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO/CPUL119/
CPUL129/CPUL149 group



 Y. Yang et al.

1 3

360 Page 18 of 20

RNA sequencing and data analysis

RNA sequencing and data analysis were performed by Novo-
gen (Beijing, China). The data are available in the Gene 
Expression Omnibus (GEO) database as GSE168188.

Tumorigenesis in vivo

The BALB/c-nude mice (Gempharmatech, Cat# D000521) 
were female, 3–4 weeks, and were cultured in standard 
pathogen-free conditions. Each group had six mice. All 
the experiments were obtained the approval of the Ethics 
Committee for Animal Experimentation of China Pharma-
ceutical University. In the tumor-limiting dilution assay, 
1 ×  106, 1 ×  105 and 1 ×  104 MCF-7 and MDA-MB-231 cells 
pre-treated with compounds (4.5 μM CPUL119, 1.8 μM 
CPUL129 and 0.9 μM CPUL149) for 48 h were implanted 
in the inguinal mammary gland of mice orthotopically. After 
10 days, mice were sacrificed, and the amounts of tumors 

in each group were counted. And the stem cell frequencies 
were analyzed by ELDA (http:// bioinf. wehi. edu. au/ softw are/ 
elda/).

Metastasis in vivo

The BALB/c-nude mice (Gempharmatech, Cat# D000521) 
were female, 3–4 weeks, and were cultured in standard 
pathogen-free conditions. Each group had five mice. All the 
experiments were obtained the approval of the Ethics Com-
mittee for Animal Experimentation of China Pharmaceutical 
University. For metastasis assay, each mouse was injected 
with 2 ×  106 MDA-MB-231 cells by intravenous. One week 
later, mice were injected with different compounds (10 mg/
kg 119, 10 mg/kg 129, 5 mg/kg 129) or solvent (23.7% etha-
nol, 17% PEG400, 59.3% saline) intravenous every 2 days. 
One month later, mice were sacrificed, and the lungs were 
subjected to H&E analysis by Servicebio (Wuhan, China).

Statistical analysis

The results were presented as mean ± SD. Student’s t test 
was used to perform the analysis using GraphPad Prism 5 
software. P values less than 0.05 were considered to be sta-
tistically significant. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 12  The summary of com-
pounds’ effects on the stemness 
of breast cancer cells. These 
three compounds could trigger 
ferroptosis by accumulating and 
sequestering iron in lysosomes 
through interacting with iron, 
and by regulating the expression 
of proteins (IRP2, TfR1, fer-
ritin) engaged in iron transport 
and storage, thereby attenuating 
the stemness of breast cancer 
cells

Table 2  Sequences of primers used for qPCR

Name Sequence

IRP2 Forward (5′–3′) ACC AGA GGT GGT TGG ATG TGA GTT 
Reverse (5′–3′) ACT CCT ACT TGC CTG AGG TGC TTT 

TfR1 Forward (5′–3′) AGT TGA ACA AAG TGG CAC GAG CAG 
Reverse (5′–3′) AGC AGT TGG CTG TTG TAC CTC TCA 

Ferritin Forward (5′–3′) CAT CAA CCG CCA GAT CAA C
Reverse (5′–3′) GAT GGC  TTT CAC CTG CTC AT

DMT1 Forward (5′–3′) CCT GTG GCT AAT GGT GGA GTTGG 
Reverse (5′–3′) GGA GAT TGA TGG CGA TGG CTGAC 

http://bioinf.wehi.edu.au/software/elda/
http://bioinf.wehi.edu.au/software/elda/
https://doi.org/10.1007/s00018-022-04384-1
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