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Abstract

The advent of natural phytochemicals for interfering with the 
HPI/AMF (erythrose, Ery) and TGF-β (sulforaphane, SP) signal-
ing pathways appears as a promising therapeutic strategy against 
Breast Cancer Stem Cells (BCSC). The BCSC viability, drug resistance, 
apoptosis evasion, invasiveness  and HPI/AMF signaling axe were 
analyzed with Ery or SP. HPI/AMF, its downstream targets (H-Ras, 
p-Akt, p-Erk, NF-kB, p-NF-kB, Wnt/β-catenin), XIAP, cytokines se-
cretion and the glycoprotein- P increased their contents (2-83 
times) in BCSC vs. parental MCF-7 cells. The incubation of BCSC 
with Ery (80nM/24h) significantly decreased (>85%) the HPI/AMF 
level, glycoprotein-P, XIAP and the secretion of HPI-AMF/TGF-β vs. 
non treated-BCSC, which in turn affected cellular invasiveness. SP 
(150µM/24h) was unable to affect HPI/AMF axe, although invasive-
ness was affected (>80%). Ery in combination with SP decreased 
BCSC viability after 3 days of treatment. These results showed that 
these phytochemicals are a promising nutrition strategy prompting 
the design of treatments to blocking cancer relapse induced by CSC. 

Keywords: Breast cancer stem cells; Erythrose; Sulphoraphane; 
Metastasis; Drug resistance

Introduction

The growth of Cancer Stem Cells (CSC) involves the activation 
of several signaling pathways associated to cell surviving (i.e., 
Wnt/β-catenin, Hedgehog, Notch, and BMI1)

 
[1-4]. To overcome 

the observed CSC therapeutic resistance, some surviving path-
way-targeted therapies have been recently proposed [3,5]. In 
this regard, SMO/Hedgehog (cyclopamine, GDC-0449, IPI-926, 
BMS-83392) and Notch (MK-0752) inhibitors have been tested in 
CSC from medulloblastoma and basal cell, pancreas and breast 
carcinomas [3,6]. However, high resistance and severe side ef-
fects (diarrhea, nausea, vomiting, and fatigue) in drug-treated 
patients was observed [3,7]. Therefore, effective anti-CSC strat-
egies should focus on the identification of signaling pathways 

principally found in CSC but absent or not frequently found in 
non-cancer cells [8]. Breast Cancer Stem Cells (BCSC) actively 
secretes HPI/AMF (hexose phosphate isomerase/autocrine 
motility factor) from cytosol to extracellular milieu [9]. As cyto-
kine, external HPI/AMF binds to its specific plasma membrane 
receptor Pg78, trig- gering several processes related with the 
CSC phenotype development [9,10]. Interestingly, Erythrose-4 
Phosphate (E4P) at nanomolar doses (24nM) blocks the release 
of HPI/AMF from the cytosol to extra- cellular milieu, decreasing 
the content of stemness associated-proteins, mammospheres 
formation and tumor invasiveness in BCSC [11].
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Although E4P treatment was therapeutically attractive for 
BCSC, it induced heart failure [12]. In addition, it is costly, which 
may limit its use in the clinical practice. Thus, to identify E4P an-
alogues with high anti-cancer potential and better cost-benefit 
balance, D-Erythrose (Ery) was tested as a suitable anticancer 
phytochemical for BCSC treatment targeting the HPI/AMF sig-
naling pathway. Ery is a root rhubarb phytochemical promoting 
apoptosis in mice colon [13] and LL-2 Lewis lung [14] carcino-
mas with low price and scarce or negligible side effects [13].

On the other hand, the phytochemical Sulforaphane (SP) de-
rived from cruciferous vegetables has also shown anticancer ef-
fect on non-small cell lung cancer [15] and affects the prostate 
CSC development, diminishing the level of several proteins (NF- 
kB, Sox-2 and ALDH1) associated with stemness [16]

 
as well as 

interleukins and TGF-β [17].

In order to assess the effect of Ery or SP on the development 
of stem cells, an integral analysis was carried out by measuring 
cell viability, the HPI/AMF signaling axis, stemness protein levels, 
and EMT and cellular invasion processes in the presence of Ery 
or SP in human breast MCF-7 CSC. In parallel and as a control, 
the effect of Ery or SP on proliferation and cellular viability of 
non-cancer cells (human HUVEC and mouse 3T3 fibro- blasts) 
was also analyzed. Our present study may help to elucidate po-
tential natural nutrition-based treatments for BCSC treatment 
and elimination.

Materials and Methods

Cell Culture

Human breast low-metastatic MCF-7 cells, human breast 
metastatic MDA-MB-231 cells and mouse fibroblasts 3T3 (1x106 
cells/mL) were grown in Dulbecco-MEM (DMEM). Human um-
bilical vein endothelial cells or HUVEC (1x106 cells/mL) were 
grown in Eagle's MEM. All culture media were supplemen-
ted with 10% fetal bovine serum (GIBCO; Rockville, USA) plus 
10,000 U penicillin/streptomycin (Sigma; Steinheim, Germany). 
Cells were cultured in a humidified atmosphere of 5% CO2/95% 
air at 37°C for 3-4 days until confluence of 80-90% was reached. 
Genotyping of the MCF-7 and MDA-MB-231 cell lines used in 
the present work at the National Institute of Genomic Medici-
ne, Mexico revealed that both cell lines shared all allelic mar-
kers (14 out of 14) with their original clones. HUVEC were kindly 
provided by Dr. R. López-Marure from Departamento de Fisiolo-
gía at Instituto Nacional de Cardiologia, México.

Breast Cancer Stem Cells (BCSC) Selection and Isolation

BCSC were isolated from MCF-7 and MDA-MB-231 parental 
cell lines following the stem cell isolation protocol previously re-
ported [11]. Briefly, MCF-7 cells (1X106 cells/mL) were exposed 
to hypoglycemia (2.5mM glucose) plus taxol (100nM) for 12h. 
Afterwards, old medium was replaced by complete DMEM con-
taining 25mM glucose plus doxorubicin (100nM) and further 
exposed to severe hypoxia (0.1% O2) for additional 12h inside 
an Oxygen Control Chamber (Coy Laboratory, Grass Lake, MI). 
Finally, cells were cultured in serum-free DMEM containing 
25mM glucose and placed in a humidified atmosphere of 5% 
CO2/95% air at 37°C for 24h, until their use [11].

Western Blot and Immunoprecipitation Assays

BCSC and MCF-7 (5x106 cells/mL) cells were dissolved in 
RIPA lysis buffer containing Phosphate Buffer Saline (154mM 
NaCl, 5mM Na2HPO4 and 1.5mM KH2PO4) 1xpH 7.2, 1% IGE-
PAL NP40, 0.1% SDS and 0.05% sodium deoxycholate. RIPA 

was complemented with 1mM PMSF (phenyl methanesulfonyl 
fluoride) and 1 tablet of complete protease inhibitors cocktail 
(Roche, Mannheimm, Germany) [9]. Protein samples (40µg) 
resuspended in loading buffer containing 4M glycerol, 0.05% 
bromophenol blue, 10% SDS and 0.5M Tris-Cl/SDS, pH 6.8 plus 
5% β-mercaptoethanol were loaded onto 10 or 12.5% poly-
acrylamide gel under denaturalizing conditions. Afterwards, 
electrophoretic transfer to PVDF membranes (BioRad; Hercules, 
CA, USA) was performed followed by overnight immunoblotting 
with different antibodies. 1:1000 dilutions of CD44, ALDH1A3, 
Oct3/4, HPI/AMF, NFkB/p65, p-NF-KB p65 (S536), XIAP, Wnt, 
β-catenin antibodies; and 1:500 dilution of HPI/AMF receptor 
(gp78), H-Ras, Akt, p-Akt (S473), Erk1/2, p-Erk1/2, p-glycoprote-
in, IL-8, IL-6, TGF-β and α-tubulin antibodies (Santa Cruz; Santa 
Cruz, CA, USA) were used at 4°C. The corresponding secondary 
antibodies conjugated with horseradish peroxidase (Santa Cruz 
Biotechnology) revealed the hybridization bands. The signal 
was detected by chemiluminescence using the ECL-Plus detec-
tion system (Amersham Bioscience; Little Chalfont, Bucking-
hamshire, UK). Densitometry analysis was performed using the 
Scion Image Software (Scion; Bethesda MD, USA) and normali-
zed against its respective load control. Percentage of each band 
represents the mean±S.D. of at least three experiments carried 
out with independent biological samples.

To reveal HPI/AMF-gp78 complex, immunoprecipitation as-
says were performed as follows. Proteins (1mg/mL) were im-
munoprecipitated by incubating the total cellular protein con-
tent with the HPI/AMF antibody (5µg/mL) for 1h plus protein 
A-sepharose (Sigma, Steinheim, Germany). After boiling for 3-5 
min, eluted proteins were loaded onto 10 or 12.5% polyacryl-
amide gel under denaturalizing conditions. Afterwards, electro-
phoretic transfer to PVDF membranes was performed, followed 
by overnight immunoblotting with anti-HPI/AMF and anti-gp78 
antibodies and by using their respective secondary antibodies 
following manufacturer instructions. IgG1 (5µg/mL) was used 
for loading control. Densitometry analysis was performed by 
using the Scion Image Software (Scion, Bethesda MD, USA).

Spheroids Growth Assay

BCSC spheroids were generated by using the floating sphere-
forming assay [18]. Briefly, BCSC, drug-treated BCSC and origi-
nal MCF-7 cells (1X105 cells) were grown in Erlenmeyer flasks 
with free serum-DMEM and placed immediately under slow 
(20-50 rpm) orbital shaking for 10 days at 37ºC in 95% air/5% 
CO2. Fresh DMEM was added every 2-3 days to replace used 
medium and remove cellular debris and planktonic cells not-
forming spheroids. Spheroids size was measured at different 
culture times with a graduated reticule in an inverted phase 
contrast microscope (1/10mm; Zeiss, NY, USA).

Detection of HPI/AMF Protein in the Extracellular Milieu of 
BCSC

Extracellular Hexose Phosphate Isomerase (HPI) protein 
detection was assayed in cell-free DMEM from 24 h BCSC and 
MCF-7 cell cultures. Cell-free medium was incubated with 10% 
trichloroacetic acid at 4°C overnight [9]. Afterwards, the mixtu-
re was centrifuged once at 10,000rpm for 30 min and 4°C. The 
sediment was resuspended in loading buffer and loaded onto 
12.5% SDS-PAGE gels. Electrophoretic transfer to PVDF mem-
branes was followed by overnight immunoblotting with 1:500 
dilution of HPI/AMF antibodies (Santa Cruz, CA USA) at 4°C. The 
hybridization bands were revealed with the mouse secondary 
antibody conjugated with horseradish peroxidase (Santa Cruz, 
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CA USA). The signal was detected by chemiluminescence as de-
scribed above. Albumin was used as load control.

Invasiveness Assays

BCSC (5x104 cells/mL) were resuspended in serum-free 
DMEM and placed in the upper compartment of Boyden cham-
bers (Trevigen Inc., Helgerman, USA) for 24h at 37°C. The lo-
wer compartment of the chamber was filled with serum-free 
DMEM. Calcein acetomethylester (calcein-AM, 60nM) (Trevigen 
Inc., Helgerman, USA) was added to the lower Boyden compart-
ment for cell detection after 60 min incubation at 37°C, and 
after 24h of seeding cells in the upper compartment. Calcein 
fluorescence was detected at 485nm excitation and 520nm 
emission in a microplate reader (NunclonTM, Roskilde, Den-
mark). Metastatic breast cancer MDA-MB-231 cells were used 
to set up the maximal (100%) invasiveness capacity [9].

Drugs Treatment

BCSC (1x105 cells/0.5mL) were seeded in 24-well plates in 
DMEM for 24h. Afterwards, Erytrose (Ery) was added at final 
concentrations of 0.1, 1, 10, 100 nM; 1, 10, 100 µM and 1 or 10 
mM for additional 24h. In another parallel set of experiments, 
Sulforaphane (SP) was added at final concentrations of 0.1, 1, 
10, 100 nM; 1, 10, 100 µM and 1 or 10 mM for additional 24h. 
For comparative purposes, canonical anti-breast cancer drugs 
Doxorubicin (DOXO) and Paclitaxel (PA) were also assayed at the 
same concentrations used for Ery. At the end of each cellular 
culture (24h), viability was determined by trypan blue stain as-
say [19]. The IC50 value (i.e., concentration required to decrea-
se cellular viability by 50%) was calculated by using the Origin 8 
software (Northampton MA, USA) [20].

Glycoprotein P Activity

This activity was evaluated by using a microplate reader 
(NunclonTM, Roskilde, Denmark) in the presence of 0.25µM 
calcein-AM. Dye uptake was measured after 30 min incubation 
at 37°C using 485nm excitation and 520nm emission [21].

Statistical Analysis

Data shown represent the mean±Standard Deviation of the 
indicated number of independent experiments. The experimen-
tal and control groups were statistically compared using ANOVA 
and post-hoc Scheffé tests with P values <0.01 or <0.05 as signi-
ficance criterion [22,23].

Results

Breast Cancer Stem Cell Phenotype

BCSC were isolated and enriched by a selective sequential 
method using hypoxia, hypoglycemia and drug exposure [11]. 
BCSC derived from MCF-7 cells showed high viability (>85%) and 
the enriched presence of classical stemness phenotype mark-
ers as described below. (i) Over-expression by 9.5-81 times of 
the typical stemness and pluripotency protein markers CD44+, 
ALDH1A3 and Oct-3/4 (Figure 1A). (ii) Overexpression by 88.5 
times of the intracellular HPI/AMF receptor gp-78 and cytosolic 
HPI/AMF (Figure 1A). (iii) The acquisition of invasive phenotype 
associated to Epithelial-Mesenchymal Transition (EMT) (Figure 
1B). (iv) The ability to secrete high levels of cytosolic HPI/AMF 
to the extracellular milieu (Figure 2) which in turn, binds to its 
highly expressed gp78 receptor (Figure 1A). (v) Typical fibro-
blastoid stem cell morphology (data not shown). (vi) Spheroids 
formation in free-serum medium (Figure S1). (vii) Acquisition of 
drug resistance towards Paclitaxel (PA) and Doxorubicin (DOXO) 
(Figure S2).

BCSC also showed increased levels (8-83 times) of several 
HPI/AMF-downstream signaling proteins such as H-Ras, p-NF-
kB, Wnt/β-catenin and the phosphorylated isoforms p-Akt and 
p-Erk; as well as a significant increment in the anti-apoptotic 
protein XIAP and in the protein related with drug resistance 
P-glycoprotein (Figure 1). The higher protein level of BCSC P-
glycoprotein correlated with its enhanced activity [24] (Figure 
S3). The data on P-glycoprotein activity indicated that the rate 
of the fluorescent calcein uptake in BCSC was significantly lower 
(58%) than that attained in the original MCF-7 cells, suggesting 
more active calcein extrusion by the multidrug P-glycoprotein 
transporter (Figure S3). BCSC developed a greater invasiveness 
(40-times) compared to their MCF-7 parental cell line and similar 
to that displayed by the well-known highly malignant and inva-
sive triple negative breast cancer MDA-MB-231 cells (Figure 3).

Effect of Metabolic Inhibitors and Canonical Anticancer 
Drugs on MCF-7 BCSC Viability

The values of IC50 on MCF-7 derived BCSC viability for Ery, 
SP and the canonical cancer drugs Doxorubicin (DOXO) and Pa-
clitaxel (PA) are shown in Table 1. For comparison, the effect of 
all these drugs was tested (1) in other breast CSC isolated from 
human triple negative breast MDA-MB-231 cells and (2) non-
cancer cells. The MDA-MB-231 BCSC were obtained by using 
the BCSC isolation protocol previously reported [11], and which 
revealed a significant increase (8-times vs. parental cell line) in 
their canonical stemness marker CD44+ (data not shown).

After 24h exposure, viability IC50 values in BCSC from both 
MCF-7 and MDA-MB-231 cells were in the nanomolar range for 
Ery and SP, whereas their respective IC50 values in the parental 
cell lines were in the micromolar range. In contrast, BCSC IC50 
values were in the micromolar range for DOXO and PA, but re-
markably these values were much higher (>3 times) than those 
in their parental cell lines. 

In order to establish the drug toxicity in non-cancer cells, the 
viability IC50 values of the tested drugs were also determined 
in HUVEC and 3T3 fibroblasts (Table 1). Much greater doses 
(>5mM) of Ery or SP were required to decrease by 50% HUVEC 
or 3T3 cell viability, indicating that these phytochemicals may 
effectively and selectively kill BCSC, but they do not have any 
apparent effect on normal cells. PA was also more effective for 
decreasing viability of BCSC and parental cancer cells than that 
of non-cancer cells (Table 1). On the contrary, DOXO showed a 
severe toxic effect on HUVEC and 3T3 cells at concentrations at 

Table 1: Drug viability IC50 values in cancer and non-cancer cells. 
Drug treatment protocol and IC50 viability value determination are in-
dicated in Methods section. Data shown represents at least 3 indepen-
dent experiments, except where otherwise indicated in parenthesis.

Drugs
Parental Cancer Stem Cells Non-Cancer Cells

MCF-7
MDA-

MB-231
MCF-7

MDA-
MB-231

HUVEC 3T3

Ery 25±2µM 32±3µM 81±4nM 114(2)nM
> )2( Μµ 

01
>5mM (2)

SP 5.7±0.6µM 35±2.5µM 150±7.5nM 134±4nM
> )2( Μµ 

01
>5mM (2)

DOXO 7±0.5µM 7±1.5µM 23±2µM 155±6µM
0.1mM 

(2)
0.36mM 

(2)

PA 5±0.4µM 22±4µM 75±21µM 98±3µM
> 5mM 

(2)
2.3mM 

(2)

Abbreviations: Ery: Erythrose; SP: Sulphoraphane; DOXO: Doxorubicin; PA: Pa-
clitaxel
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which BCSC viability was also compromised (Table 1), illustrat-
ing the typical unspecific effect of DOXO [25]. The viability IC50 
value of Ery (80nM) and SP (150nM) calculated for MCF-7 BCSC 
(Table 1) was used in the following set of experiments in which 
the effect of a single phytochemical or drug was analyzed.

Erythrose (Ery) Abolishes HPI/AMF Signaling, as well as Vi-
ability and Invasiveness Potential in MCF-7 BCSC

The exposure to Ery (80nM/24h) decreased some functional 
features associated to the BCSC phenotype. For instance, (1) 
the content of several stemness markers such as CD44+, Oct 3/4 
and ALDH1 (Figure 1A); (2) the ability for spheroids formation 
in free-serum medium (Figure 1); and (3) the cell invasiveness 
potential (Figure 3) were significantly depressed by more than 
90% vs. non-treated BCSC. In addition, proteins related with 
apoptosis regulation (XIAP), epithelial-mesenchymal transition 
(Wnt-1, β-catenin) and drug resistance (P-gp) also decreased 
by 70-95% after 24h incubation with the phytochemical (Fig-
ure 1). The HPI/AMF signaling axe was particularly targeted. Ery 
diminished the content (Figure 1A) and activity (Figure S3) by 
84-97.5% of the HPI/AMF receptor (gp78) and some signaling 
downstream HPI/AMF proteins such as H-Ras, p-Akt, and p-
Erk1/2 (Figure 1A).

To establish whether external Ery impairs the HPI/AMF cyto-
kine function by blocking the HPI/AMF-gp78 interaction, co-im-
munoprecipitation assays were carried out. The gp78 antibody 
indeed recognized the formation of the HPI/AMF-gp78 complex 
(Figure 2B), as previously described [11]. However, this complex 
was not apparent in the presence of 80nM external Ery (Figure 
2B).

Figure 1: Effect of Ery (80nM/24h) or SP (150nM/24h) on proteins 
related with (A) stemness and HPI/AMF axes; and (B) Apoptosis, 
EMT and drug resistance.  Data shown rep-resents at least three 
different preparations. *P<0.05 and **P<0.01 vs. BCSC.

Figure 2: Effect of Ery (80nM/24h) or SP (150nM/24h) on (A) ex-
tracellular HPI/AMF, interleukins and TGF-β; and (B) Immunopre-
cipitation of BCSC HPI/AMF and gp78. Data shown represents at 
least three different preparations. *P<0.05 and **P<0.01 vs. BCSC.

Figure 3: Effect of Ery (80nM/24h) or SP (150nM/24h) on BCSC 
cellular invasiveness. Data shown represents at least three differ-
ent preparations. *P<0.01 vs. BCSC.

Figure 4: Effect of Ery (80nM) plus SP (150nM) on BCSC cellular 
viability. Data shown represents at least three different prepara-
tions. *P<0.05 vs. BCSC.
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After stemness phenotype induction, HPI/AMF, interleukins 
(IL-6, IL-8) and the transforming growth factor (TGF-β) are se-
creted to the extracellular medium for metastasis onset [26]. In-
deed, higher contents of HPI/AMF (186-times), TGF-β (3-times) 
and interleukins 6 and 8 (2.5-4 times) were detected in the ex-
tracellular BCSC medium compared to that from parental MCF-
7 cells (Figure 2A). After Ery (80nM/24h) treatment, the secre-
tion of HPI/AMF and IL-6 was severely blocked; whereas IL-8 
and TGF-β secretion was unaffected by the drug, indicating that 
Ery may specifically block HPI/AMF secretion without affecting 
other interleukin and cytokine secretion, except for that of IL-6 
and TGF-β.

Contrary to what was observed with erythrose, SP 
(150nM/24h) was not able to strongly block the expression 
of proteins associated with stemness (CD44+ and ALDH1A3), 
HPI/AMF axe (gp78 receptor, cytosolic HPI/AMF, H-Ras), anti-
apoptosis (XIAP), EMT (β-catenin) and drug resistance (level and 
activity of P-gp) (Figure 1). In addition, SP did not block the for-
mation of the gp78-HPI/AMF complex nor the secretion of HPI/
AMF cytokine, although the release of interleukins and TGF-β 
was severely compromised (Figure 2A) as previously reported 
[17,27,28]. In spite of HPI/AMF axe was not affected, the BCSC 
invasiveness ability was greatly affected by SP, indicating that SP 
has targets other than the HPI/AMF axe for avoiding invasive-
ness.

Effect of Ery Plus SP on MCF-7 BCSC Viability

Several reports indicate that SP has a synergic effect on che-
motherapy-based drugs like cisplatin, PA or DOXO [29]. In order 
to assess whether SP (150nM) indeed increases toxicity of Ery 
(80nM), PA (98µM) or DOXO (155µM), the combination of these 
drugs was tested on the viability of BCSC and compared to that 
of non-cancer cells (Figure 4).

Viability decreased by 28% from day 1 of culture when SP 
+ Ery were added simultaneously to the BCSC culture. At days 
2 and 3 of culture, viability was significantly decreased by 71 
and 95%, respectively, whereas viability of non-cancer cells was 
unaffected (Figure 4).

Discussion

The key inducing factors involved in the development of the 
triple negative MDA-MB-231 BCSC are hypoxia, hypoglycemia 
and drug exposure [11]. This multi-stress cell selection proto-
col appeared to be useful for CSC enrichment, independently of 
cancer cell type. Hypoxia stabilizes HIF-1α, which in turn, pro-
motes the over-expression of several stemness proteins partic-
ularly in breast cancer [30,31]. Hypoglycemia activates kinases 
(AMPK) associated with stem cell growth, self-renewal and dif-
ferentiation [30,31]. It is noted that in the present study, drug 
resistance was also evaluated in both MCF-7 and MDA-MB-231, 
since it represents the principal factor to be considered in the 
therapy against CSC because it is linked to high recurrence, 
poor prognosis, poor clinical outcome, progression and death 
[32,33].

HPI/AMF Axe as Molecular Target to Induce BCSC Death

The HPI/AMF surviving signaling pathway and some of their 
down-stream proteins (H-Ras, p-Akt, p-Erk, NF-kB and Wnt/β-
catenin) have been widely studied in cancer cells but not spe-
cifically in cancer stem cells. This takes relevance because CSC 
maintain distinguishing characteristics regarding surviving 
pathways vs. the rest of cancer cells [34,35]. Indeed, BCSC show 

increased levels of HPI/AMF protein content and its extracel-
lular receptor gp-78 (present study) [11]. Interestingly, these 
increments in HPI/AMF/gp-78 levels in BCSC correlated with (1) 
a significant elevation in the levels of p-Akt, p-Erk, NF-kB and 
Wnt/β-catenin (i.e., Figure 1); and (2) increments in pathway 
functionality measured as high levels in EMT proteins and in-
vasiveness (i.e., Figure 3). This positive relationship between 
HPI/AMF signaling axe, EMT and invasiveness has been also ob-
served in breast and brain metastatic cancer cells [36,37], which 
have a mixed population of CSC and non-CSC.

These observations suggest that HPI/AMF is a potential 
promising therapeutic target for CSC because (i) this surviving 
pathway is not predominantly found in non-cancer cells [38,39]; 
and (ii) some inhibitors directed against HPI like E4P seem to 
be innocuous in mouse fibroblasts [9]. Although E4P blocks the 
cytokine role of HPI/AMF deterring BCSC invasiveness [9] and 
promotes apoptosis in several carcinoma (breast, brain, pancre-
as, colorectal) cells [14], the doses used caused glucose-6-phos-
phate accumulation in myocytes, which in turn, activated mTOR 
pathways causing rat heart failure [12]. Thus, E4P seemed not 
to be a suitable drug candidate for cancer treatment.

Therefore, in the search for HPI inhibitors with negligible ef-
fects on non-cancer cells [13], Erythrose (Ery) emerged as a po-
tential alternative for BCSC treatment.

Ery as Therapeutic Drug against BCSC

Ery is a phytochemical contained in rhubarb roots with ap-
parent anticancer effects diminishing the size of intraperitoneal 
metastatic colon carcinomas in mice [13] and subcutaneous 
LL-2 Lewis lung carcinoma in mice [14].

It has been established that one of the molecular mecha-
nisms associated to Ery effect in cancer cells is its ability to be-
come transformed into carbonic acid by carbonic anhydrase 
[14], thus promoting cellular death induced by acidosis [13]. 
In our study, the ability of Ery to act as a multi-target inhibitor 
by blocking the HPI/AMF axe was also shown. This observation 
may be relevant because the stemness process is highly depen-
dent on specific cytokines that regulate malignant progression 
[40]. In this regard, in the present study it was shown that Ery 
specifically attenuated CSC malignancy by 1) blocking the re-
lease of HPI/AMF from cytosol to extracellular milieu, similarly 
to E4P [9]; 2) inhibiting the gp-78/ HPI/AMF interaction; and 
consequently 3) inactivating the HPI/AMF down-stream signal-
ing pathway.

In contrast to other anticancer approaches using antibodies 
such as adalimumab (8μg/mL), whose targets are extracellular 
interleukins and TGF-β, which may compromise non-cancer cell 
functionality [41]. Ery did not affect interleukins and TGF-β se-
cretion, suggesting it’s selectively role as HPI/AMF blocker.

Sulforaphane (SP) was certainly able to block interleukins 
and TGF-β secretion by BCSC (c.f. Figure 2A), as it was reported 
for neuroblastoma and hepatocarcinoma cells [42,43]. Howev-
er, SP did not affect the level of proteins related with the HPI/
AMF axe (including HPI/AMF/gp78 interaction and HPI/AMF 
secretion). These last results clearly indicated that other sur-
viving signaling pathways, instead of the HPI/AMF axe, might 
have mediated the SP inhibition of stem cell invasiveness and 
viability. SP downregulates c-MYC and β-catenin levels affecting 
stemness properties associated to miR-214 in non-small stem 
cell lung cancer [15]. SP also diminishes the transcription fac-
tor NF-kB, Sox-2 and ALDH-1 activity; it eliminates self-renewal 
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potential in prostate cancer stem-like cells [16]; and it improves 
chemotherapy in gastric cancer by activating interleukin-6/in-
terleukin receptor [44].

Ery and SP Combination Eliminates BCSC

Several attempts to kill CSC have been carried out by using 
different drugs or natural compounds [45-47]. At doses assayed 
in the present study (i.e., the determined IC50 viability values), 
the HPI/AMF axe was compromised impacting the metastasis 
process but keeping high BCSC viability. This finding concurs 
with clinical observations where several antineoplastic drugs 
(vemurafenib, nilotinib, sorafenib, imatinib) targeting specific 
BCSC signaling pathways are able to decrease metastasis at the 
beginning of treatment. However, several months after clinical 
treatment, cancer recurrence is observed [48,49].

Encouragingly, the effect of combining Ery plus SP on viability 
of BCSC was fully effective. Combinations of both phytochemi-
cals were innocuous on non-cancer HUVEC and 3T3 mouse fi-
broblasts, providing experimental evidence for their use as a 
potential promising clinical strategy for BCSC treatment.

Conclusion

The use of phytochemicals like Ery to block BCSC activation 
of survival pathways emerge as a potential strategy for BCSC 
elimination. Ery was able to potently inhibit HPI/AMF pathway 
activation and in consequence, the development of the stem-
ness phenotype i.e., decreased BCSC epithelial to mesenchymal 
transition, as well as decreased invasiveness and viability with no 
apparent effect on non-cancer cells. Therefore, future research 
might be focused on the use of these natural compounds, in 
combination with canonical drugs, to block the cancer stemness 
development and specially promote BCSC elimination.
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