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Introduction: The microenvironment of solid tumors such as breast cancer is

heterogeneous and complex, containing different types of cell, namely, cancer

stem cells and immune cells. We previously reported the immunoregulatory

behavior of the human immune cell in a solid tumor microenvironment-like

culture under serum starvation stress for 96 h. Here, we examined the effect of

this culture-derived solution on breast cancer development in rats.

Method: Ninety-six–hour starved PBMCs supernatant (96 h-SPS) was

collected after culturing human PBMCs for 96 h under serum starvation

condition. Breast cancer stem cells, LA7 cell line, was used for in vitro study

by analyzing gene expression status and performing cytotoxicity, proliferation,

scratch wound healing assays, followed by in vivo tumor induction in three

groups of mature female Sprague Dawley rats. Animals were treated with 96 h-
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SPS or RPMI and normal saline as control, n = 6 for each group. After

biochemical analysis of iron, lactate, and pH levels in the dissected tumors,

Ki67 antigen expression, angiogenesis, and necrosis evaluation were carried

out. Metabolic-related gene expression was assessed using RT-qPCR.

Moreover, 96 h-SPS composition was discovered by Nano-LC-ESI-MS/MS.

Results: 96 h-SPS solution reduced the LA7 cell viability, proliferation, and

migration and Gch1 and Spr genes expression in vitro (p< 0.05), whereas

stemness gene Oct4 was upregulated (p< 0.01). The intracellular lactate was

significantly decreased in the 96 h-SPS treated group (p = 0.007). In this group,

Gch1 and Spr were significantly downregulated (p< 0.05), whereas the Sox2

and Oct4 expression was not changed significantly. The number of vessels and

mitosis (Ki67+ cells) in the 96 h-SPS–treated group was significantly reduced

(p = 0.024). The increased rate of necrosis in this group was statistically

significant (p = 0.04). Last, proteomics analysis revealed candidate effectors’

components of 96 h-SPS solution.

Conclusion: 96 h-SPS solution may help to prevent cancer stem cell mediated

tumor development. This phenomenon could be mediated through direct

cytotoxic effects, inhibition of cell proliferation and migration in association

with reduction in Gch1 and Spr genes expression, angiogenesis and mitosis

rate, and necrosis augmentation. The preliminary data obtained from the

present study need to be investigated on a larger scale and can be used as a

pilot for further studies on the biology of cancer development.
KEYWORDS

breast cancer stem cells, LA7, adaptive immunity, serum starvation, nano-LC-ESI-MS/
MS, cancer development, immunohistochemistry
1 Introduction

The world’s leading cause of cancer death in women is breast

cancer (BC) (1). The prevalence of BC is increased to 6% in

women over the age of 70 years (2). Recent studies indicate

cancer stem cells (CSCs) may cause most cancers (3). CSC

hypothesis relies on two bases: (a) dysregulation of the

signaling pathways leads to the development of cancers in the

tissue-specific stem or progenitor cells or (b) epithelial cells may

undergo reprogramming to form CSCs (4). As a result, tumors

contain a cellular component that preserves the fundamental

characteristics of stem cells, such as the capacity for self-renewal,

treatment resistance, and tumor recurrence, which all promote

tumorigenesis and cell differentiation (5). The CSC theory has

important implications to understand the molecular basis of

complexity and the early diagnosis, prevention, and treatment of

BC (6). Effective targeting of CSCs may serve as a preventive

strategy for cancer development.
02
In humans, most cancers consist of carcinomas (7), which

can be the outcome of the interaction between cancer cells,

stromal cells, and immune cells (8). The niche of solid tumors is

a heterogeneous environment consisting of an extracellular

matrix, resident fibroblasts, endothelial cells, and immune cells

may also be involved in cancer progression (9). In the niche of

the tumor, contributing cells are exposed to metabolic stress;

however, immune cells must keep their protective functions in

such conditions by synthesizing different types of proteins, that

is, cytokines, chemokines, and other effector molecules essential

to perform their defensive activities (10). To date, the effect of

nutrient starvation on immune cell metabolism is not known.

Nevertheless, immune cells in the tumor microenvironment can

play inhibitory and/or stimulatory role in tumor development

(11) type 2 macrophages (M2), type 2 neutrophils (N2), and

regulatory T cells (Treg) are known as suppressor cells in the

tumor microenvironment and modulate the immune system,

whereas cytotoxic T cells (CTL), Natural Killer (NK) cells, and T
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helper1 (Th1) cells are recognized as anti-tumor cells (12, 13).

Similar to other cells, CSCs also rely on metabolism for survival

and growth (14). In recent years, it has come to light that

Sepiapetrin reductase (SPR) and GTP cyclohydrolase I

(GCH1) play a crucial role in the metabolic processes of

cancer cells (15). Although the contribution of these two

enzymes to generate reactive oxygen species (ROS) is well

described, GCH1 is a rate-limiting enzyme in the metabolic

pathway that generates tetrahydrobiopterin (BH4) (16). BH4 is a

critical cofactor for nitric oxide synthase (NOS) (17). Reduced

GCH1 activity can result in tumor vascularization and lowering

of NOS, which can produce superoxide (18). The expression of

the GCH1 gene in cancer is linked to poor prognosis and

increased cancer grade (19).

Likewise, genes such as Octamer-binding transcription factor

4 (Oct4) and SYR-box transcription factor 2 (Sox2) are linked to

stemness (20). OCT4 and SOX2 transcription factors are

necessary for the generation of induced pluripotent stem cells

(iPSCs) and the maintenance of embryonic stem cells (ESCs)

(21). Depending on the arrangement of their respective DNA-

binding regions, OCT4 and SOX2 interact and bind to DNA in a

variety of configurations (22). It is renowned that they play a

crucial part in the process of preserving the pluripotency

characteristics of CSCs and contribute to the development,

growth, and metastasis of tumors (23).

Studying the behavior of the immune cells in a special

condition in microenvironments of solid tumors such as

culture under nutrient starvation stress could improve tumor

biology understanding (24–26). Previously, we showed that

human peripheral blood mononuclear cells (PBMCs), which

were cultured under serum starvation condition for 96h,

downr e gu l a t e d th e e xp r e s s i on o f an impo r t an t

immunoregulatory molecule, that is, HLA on their surface

while more than 70% of the cells were alive in annexin V/

propidium iodide apoptosis assay (27). In another study with

human PBMCs, we examined the effects of such metabolic stress

at different time points, on transforming growth factor -b
expression, CD4+ CD25+ CD127- FOXP3+ T-regulatory cell

frequency, and expression of several type of microRNAs

involved in immunity and immunometabolism. We observed

that the maximum levels of alteration, almost in all studied

variables, occurred in 96h starved cells group (28). The mass

spectrometry analysis of the cell culture supernatant of 96 h-SPS

group revealed a proteome with more than 200 proteins with

different biological functions including cell metabolism and cell

death regulation (published patent under international

application no. PCT/EP2020/087239). In the present study, we

aimed to evaluate the in vitro and in vivo impacts of 96 h-SPS on

biological features of LA7 cell, a rat mammary gland cancer stem

cell line and LA7-induced solid tumor development as well as to

understand the mechanisms underlying these effects. Here, we

got advantage of the immune cells secreted compounds under

serum starvation cultured in vitro to examine the application of
Frontiers in Immunology 03
these compounds in cancer immunotherapy through targeting

of CSCs.
2 Material and methods

2.1 Preparation of 96 h-SPS solution

Blood samples of seven healthy volunteer donors (six women

and one man, age ± SD: 26 years ± 1.7) were collected in

heparinized sterile tubes (Golden Vac, Turkey). Ficoll-Plaque

(Capricorn Scientific, Meuspath, Rheinland-Pfalz, Germany)

gradient centrifugation was used for PBMCs isolation by

centrifugation at 450g for 30 min. The PBMCs layer was washed

twice using phosphate-buffered saline (PBS) by centrifugation at

350g for 5 min. Then, 7 × 106 PBMCs were cultured in a 75 cm2 cell

culture flask containing 12 ml of starvation media (glucose-

containing serum-free Roswell Park Memorial Institute 1640

medium (RPMI 1640), (Biowest, France) 100 U/ml penicillin, and

100 μg/ml streptomycin (Sigma, Germany) for 96h at 37°C with 5%

CO2 saturation. Then, the cells were collected and centrifuged at

350g for 5min and cell culture supernatant (96 h-SPS) was removed

and stored at −20°C for further use.
2.2 Cytotoxicity (MTT assay (3-(4, 5-
dimethylthiazolyl-2)-2,5
diphenyltetrazolium bromide)), migration
(scratch test), and proliferation (CFSE-
staining) assays

2.2.1 MTT assay
TheMTT assay was performed based on the method that has

been already published (29). Briefly, 1.2 × 104 LA7 cells were

cultured in a 96-well culture plate as five repeats in Dulbecco’s

Modified Eagle Medium (DMEM) (Gibco), supplemented with

10% fetal bovine serum (FBS, Sigma, Las Vegas (LA), USA) and

antibiotics (penicillin/streptomycin) 1% at 37°C with 5% CO2.

After 24h incubation, cell confluency reached 70% and cells were

washed twice with PBS and then 96 h-SPS and control solutions

were added to indicated wells. RPMI and RPMI + FBS 10%

(complete medium) were used as vehicle- and cell growth–

positive control, respectively. The cell incubation was

continued further for 24h and, after then, the wells were

washed twice with PBS and the cells were incubated with 50 ml
of 5 mg/ml MTT (3-(4, 5- dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide) (Life biolab, Germany) solution

in PBS for 4h at 37°C. The supernatants were then removed and

replaced by 150 ml of dimethyl sulfoxide (DMSO) and pipetting

was performed thoroughly to dissolve formazan crystals. Then,

the optical density (OD) was determined at 570 nm. The

percentage of viability was calculated by the following formula:

Viability (%) = (OD test)/(OD control) × 100.
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Before adding the MTT solution to the wells, the cells were

evaluated morphologically under inverted microscope

(Olympus, Japan) and microphotographs were captured by

camera (Olympus, Japan) equipped with GP25 software.

2.2.2 Scratch test
The scratch test was carried out by a method which we have

previously reported (29). To this end, 1 × 105 LA7 cells were

cultured as triplicate in a 24-well cell culture plate under standard

conditions for animal cell culture, as described above, until reaching

100% confluency. Then the cell’s monolayer was vertically scratched

using a 100-μl micropipette tip and washed twice with PBS. After

then, 96 h-SPS and control solutions were added and incubation

was continued for 48h. RPMI and RPMI + FBS 10% were

considered as vehicle- and cell migration positive control,

respectively. The required microphotographs were captured at 0h

and after 24h and 48h using an inverted microscope (Olympus,

Japan) equipped with a camera coupled to GP25 software. Finally,

the empty area in each well was analyzed with image J software

(NIH, Rockville Pike, Bethesda, USA).

2.2.3 CFSE staining
The proliferation rate of cells was assessed using 5-(and 6)-

carboxyfluorescein diacetate succinimidyl ester (CFSE),

(eBioscience, USA). Briefly, cells were washed twice with PBS.

Then 5 × 106 cells were suspended in 1 ml of PBS. 5 mM CFSE

was dispensed into cell suspension, mixed, and incubated for 10

min at room temperature in the dark. CFSE staining was stopped

by adding cold complete medium and incubating on ice for 5

min. Cells were washed three times with complete medium. 6 ×

104 CFSE stained cells were fixed in formalin 1% + FBS 10% and

kept at 4°C until use. These cells were used as stained cell control

for day 0 in flow cytometry analysis.

Then, the rest of CFSE stained cells were cultured in complete

medium in a 24-well cell culture plate as 2 × 104 cells/well. The same

number of non-labeled cells was seeded as unstained control cells.

After 24h, wells were washed twice with PBS and then incubated

with 96 h-SPS as well as above mentioned control media for 24h

and 48h. The 24h incubated cells were detached by trypsin 0.05% +

ethylene diamine tetra acetic acid (Gibco), centrifuged at 450g for 5

min and the cell pellet of each group was fixed with the same

volume of formalin 1% + FBS 10% and kept at 4°C until flow

cytometry analysis. After harvesting the 48h incubated cells and

performing formalin fixation, all collected stained cells (day 0, 24h,

and 48h) and unstained control cells were analyzed simultaneously

by flow cytometry (Partech, Germany). Almost 1 × 104 events were

analyzed by flow cytometry instrument except for the cells which

were incubated with 96 h-SPS solution for 48h, because of low

number of remained treated cells.

Before cells were harvested for flow cytometry analysis, the

cells were evaluated morphologically in different groups under

inver ted l ight microscope (Olympus , Japan) and
Frontiers in Immunology 04
microphotographs were prepared by camera (Olympus, Japan)

equipped with GP25 software.
2.3 Tumor induction and treatment
with 96 h-SPS

2.3.1 Induction
Tumor induction was performed as previously described (30).

To this end, CSCs (LA7) were cultured under standard animal cell

culture conditions to reach a confluency of 70–80%. Then, using

viable cells, tumor induction was performed in three groups (96 h-

SPS, RPMI, and normal saline) of six mature female Sprague

Dawley rats. LA7 cells (6 x 106/cells) in normal saline were

injected into the rat breast fat pad subcutaneously in all groups.

2.3.2 Treatment
96 h-SPS was administered to the first group, RPMI to the

second, and normal saline to the third group. Treatment

solutions in each group were injected as 300 ml daily in three

areas around the tumor until the 12th day. The animals’ weight

was recorded almost daily, and tumor length and width were

measured with a caliper when they were well palpable. Tumor

volume was calculated with the following formula:

volume =
width ∗ (length2)

2

Tumor lesions were removed on the 13th day and

pathological and biochemical examinations were performed;

also, the expression of targeted genes was assessed by

polymerase chain reaction (PCR) as

described below.
2.4 Identification of proteins

Nanoscale liquid chromatography coupled to tandem mass

spectrometry (Nano-LC-ESI-MS/MS, EASY-nLC1000 – LTQ

Orbitrap XL, Thermo Scientific) was used to evaluate 96 h-

SPS. The procedure for sample preparation was as follows:

2.4.1 Lyophilization
One ml of each sample (approximately 20 mg protein) was

transferred into 2-ml Protein LoBind® Tubes (Eppendorf,

Germany) with pierced lids and frozen for 66h at – 80°C.

Subsequently, the frozen samples were vacuum dried in a

lyophiliser overnight. The dried samples were each resolved in

50-ml buffer (8 M urea/0.4 M NH4HCO3, pH 8.5).

2.4.2 Reduction and alkylation
Both samples were reduced with 5 ml of 45 mM dithiothreitol

for 30 min at 55°C and alkylated with 5 ml of 100 mM
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iodoacetamide for 15 min at room temperature in the dark.

Samples were prevented from over-alkylation by adding another

5 ml of 45 mM dithiothreitol.

2.4.3 Enzymatic digestion
The sample solution was diluted to 2 M urea/0.1 M

NH4HCO3 with HPLC grade water (VWR). Digestion with

mass-spectrometry grade trypsin (Serva, porcine) was

performed at 37°C overnight. Enzymatic digestion was

performed based on the valid version of the SOPH-VED-001

“EnzymatischeSpaltung.” The sample was acidified to 1% TFA,

and 10 ml of the digestion product was used for the Nano-

LCESIMS/MS analysis.
2.4.4 Nano-LC-ESI-MS/MS
HPLC separation was done using an EASY-nLC1000

(Thermo Scientific, USA) system with the following columns

and chromatographic settings: The peptides were applied to a

C18 column (Acclaim® PepMap 100 pre-column, C18, 3 mm, 2

cm x 75 mm Nanoviper, Thermo Scientific, USA) and

subsequently separated using an analytical column (EASY-

Spray column, 50 cm x 75 mm ID, PepMap C18 2 mm
particles, 100 Å pore size, Thermo Scientific, USA) by

applying a linear gradient (A: 0.1% formic acid in water, B:

0.1% formic acid in 100% ACN) at a flow rate of 280 nl/min. The

gradient used was 1–25% B in 120 min, 25-50% B in 10 min, 84%

B10 min. Mass-spectrometric analysis was done on an LTQ

Orbitrap XL mass spectrometer (Thermo Scientific, USA),

which was coupled online to the HPLC system. The mass

spectrometer was operated in the so-called “data-dependent”

mode where after each global scan the five most intense peptide

signals are chosen automatically for MS/MS analysis. Nano-LC

HPLC separation and online-coupled ESI-MS/MS measurement

were performed according to the valid versions of the SOPs:P-

EXT-011 “Auftrennung und Analyse von Peptidmischungenmit

der nanoflow-HPLCAnlageEksigentNanoLC-Ultra ‘P-EXT-012’

MS/MS Analyse von Peptidenmit dem Massenspektrometer

Orbitrap XL.”
2.5 Biochemical analysis

2.5.1 Lactate and pH measurement
The tumor lactate level was determined using a fluorometric

lactate enzymatic test kit (biorexfars, Iran) after the tumors were

homogenized in 500 ml of distilled water using a LABTron

homogenizer (LABTron, Korea). The actual pH of each sample

was then tested using a pH meter (Mettler Toledo, Switzerland)

and the following formula, and the findings based on the weight

of the tumor were acquired.

H+½ �  = 10−PH=weight  = X  −  Log X  =  pH
Frontiers in Immunology 05
2.5.2 Iron measurement
Iron was measured by an atomic absorption spectrometer

(GBC932 AA, Australia), according to manufacturer

instructions. Briefly, 10 mg of tissue was placed in a clean

glass container and was dried at 10°C overnight. Next, dried

tissue weight was measured with an accurate scale, and the

weighed dry tissue was placed in a tall glass tube containing 400

ml of concentrated H2O2 and 200 ml of nitric acid (digest

solution, Merck, Germany). Then, it was placed in a pan at

95°C for 25 min to obtain a uniform solution, and the volume of

solution inside the tube was topped up to 5 ml with distilled

water. The digestion solution was used as a blank. In the last

step, using the formula below, the amount of raw solution of the

device and the amount of iron was calculated.

X  =  C �  5:56 �  m
2.6 Real-time quantitative polymerase
chain reaction

As previously described by Fattahi et al. (31), the primers of

the four genes and universal probe were designed using the

AlleleID 6.0 (Supplementary Material Table S1). Total RNA was

extracted using standard conditions according to the kit

instructions from LA7 cultured cells or tumor samples. For in

vitro study, 1 × 105 LA7 cells were cultured in DMEM (Gibco) +

FBS 10% (Biosera), antibiotics (penicillin/streptomycin) 1% at

37°C with 5% CO2, in three independent 25 cm2 cell culture

flasks (SPL, Korea) for each group; [complete medium (RPMI +

FBS 10%), RPMI, and 96 h-SPS]. After 24h, the flasks were

washed twice with PBS, and then DMEM + FBS 10% was

replaced by RPMI + FBS 10%, RPMI alone, and 96 h-SPS

solution, respectively, in indicated groups. Then, the cell’s total

RNA was extracted by an RNA extraction kit (Parstous, Iran).

The quantity and quality of extracted RNA were checked using a

Nanodrop spectrophotometer (Thermo Scientific NanoDrop

2000/2000c, USA) and agarose gel electrophoresis. Then, the

expression levels of abovementioned genes (Sox2, Oct4, Gch1,

and Spr) were analyzed. The glyceraldehyde 3-phosphate

dehydrogenase (Gapdh) gene was considered as housekeeping.

Briefly, cDNA was synthesized using mRNA-specific primer and

RevertAid M-MLV Reverse Transcriptase (Yektatajhiz, Iran)

(31). The mRNA levels of transcripts were performed with a

universal Taqman probe using ABI 7300 real-time PCR system

(Step one plus, Applied Biosystem, USA).
2.7 Hematoxilline-Eosin and
immunohistochemistry staining

All tissue samples were embedded in paraffin after being

fixed in formalin 10%. The paraffin blocks were sectioned at
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5-mm thickness, and the tissues were stained with hematoxilline

(H) & eosin (E) or with monoclonal antibody specific to Ki67

antigen (Dako, Denmark, Clone MIB-1), according to the

manufacturer’s instructions (Novocastra, UK). Giemsa staining

was used as a standard method to identify mast cells in tissue

sections. The presence of necrosis and the number of mast cells

and inflammatory cells were determined. Mitotic cells and blood

vessels were counted in 10 and 3 high-power fields (HPF),

respectively, by an expert pathologist using a light microscope

(Olympus BX41, Japan). The data were presented as absence or

presence of necrosis and for other indicated data as mean ±

standard deviation (SD).
2.8 Statistical analysis

To examine normality and multiple comparisons,

Kolmogorov Smirnov and one-way ANOVA with Tukey test

were used, respectively. To evaluate correlation between

variables, Pearson correlation coefficient was determined. Data

were analyzed by SPSS software version 23, and graphs were

prepared on GraphPad prism V.6.0.

The data are presented as mean ± standard error mean

(SEM) or standard deviation (SD). p-value less than 0.05 was

considered as a significant level statistically.
3 Result

3.1 In vitro inhibitory effect of 96 h-SPS
on LA7 cells viability, migration,
proliferation, and metabolism

To evaluate the effect of 96 h-SPS solution on LA7 CSC

mainstay biological features, first, we determined the cell

viability, cell migration, and proliferation status, and

investigated the expression of Gch1, Spr, Sox2, and Oct4 genes,

which are involved in cell metabolism and cell stemness using an

in vitro cell culture system.

3.1.1 96 h-SPS cytotoxicity effect on LA7
The prevalence of dying cells was higher in 96 h-SPS solution

treated LA7 cells population after 24h incubation in comparison

with complete medium control group (Supplementary Material

Figure S1C). The swelling cells with round nucleus were

considered as dying cells, whereas the shiny cells with spindle

or polygonal morphology with non-obvious nucleus appeared as

live cells. In the RPMI group, the prevalence of the dying cells

was higher than that of the cells cultured in complete medium

for 24h, albeit with less number of dying cells compared with the

test group (Supplementary Material Figure S1B). This

morphological finding was quantitatively confirmed by an

MTT assay. The 96 h-SPS solution significantly reduced the
Frontiers in Immunology 06
cell’s viability (%) in comparison with the complete medium

group (p = 0.0001) or RPMI group (p = 0.004) (Figure 1). The

morphological changes observed in LA7 cells under treatment

with 96 h-SPS can be explained by the MTT assay findings that

indicate toxicity of 96 h-SPS solution for LA7 CSCs.

3.1.2 The effect of 96 h-SPS on LA7
cells migration

To evaluate the effects of complete medium, RPMI, and 96

h-SPS on migration of LA7 cells, a scratch test was carried out.

According to our observation, 96 h-SPS solution was able to

inhibit the cells migration during 24h and 48h incubation with

LA7 cells (Figures 2[a]-C, F, I). However, in the complete

medium and RPMI group, the empty area was almost filled

after 48h (Figures 2[a]-B, G, H).

The data generated through scratch test empty area analysis

by image J software confirmed these morphological findings.

The 96 h-SPS solution treated cells exhibited a significant

reduction in cell migration in comparison with RPMI alone.

Empty area (%) after 48h of cell incubation was significantly

increased in this group when compared with its empty area (%)

at 0h (p = 0.006), whereas this value was significantly decreased

in RPMI group (p = 0.036), (Figure 2b). Moreover, the inhibitory

effects of 96 h-SPS on LA7 cells migration can be shown

mathematically by calculating the Pearson coefficient of

correlation between duration of cells incubation and empty

area (%) in scratch assay.

Pearson correlation value (r) in 96 h-SPS group was + 0.99, p<

0.001 (Supplementary Material Figure S2A). In contrast, in the

RPMI group, there was an utmost inverse correlation between

time and empty area, r = -1, p< 0.0001 (Supplementary Material,
FIGURE 1

MTT assay showing the cytotoxicity of different treatments on
the LA7 cell line. The 96 h-SPS treated cells showed the lowest
level of viability compared with the RPMI group, p< 0.01, and
positive control (RPMI + 10% FBS), p< 0.0001. Data expressed as
mean ± standard error mean (SEM), bars indicate the SEM. In
each panel. **p < 0.01, ****p < 0.0001.[1].
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Figure S2B). Similar to the RPMI group, this correlation was

strongly negative in the complete medium group r = −0.97, p =

0.01 (Supplementary Material Figure S2C).

3.1.3 The effect of 96 h-SPS on LA7
cells proliferation

CFSE staining provided more evidence for anti-cancer effects

of 96 h-SPS. As it can be seen in Supplementary Material Figure

S3A, after 24h of cell incubation, this solution postponed the cell

proliferation in comparison with complete medium or RPMI

alone. After 48h, the post-centrifugation cells pellet sharply

decreased in 96 h-SPS treated group (data not shown). This

reduction in cell number exhibited itself as a curve with the

smallest area in flow cytometry plot, which was drawn by cell

number against the intensity of fluorescent light emitted by

CFSE stained cells (Supplementary Material Figure S3B). In all

groups, we initially seeded the same number of stained cells and

all steps of cell culture and centrifugation conditions or flow

cytometry analysis were identically performed. The

morphological findings confirmed these flow cytometry

findings (Supplementary Material Figures S4A–F). These

findings also provided more support for the data originated

from migration analysis by scratch test.

3.1.4 The effect of 96 h-SPS on LA7 cells
metabolism and stemness

Spr and Gch1 have some pivotal roles in the metabolic

processes of cancer cells (32, 33); thus, we investigated these
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genes expression in the present study. Spr m-RNA level was

significantly reduced in 96 h-SPS solution treated cells compared

with the cells cultured in complete medium for 24h (p< 0.0001)

or in RPMI alone (p = 0.0006) (Figure 3). In contrast, RPMI

alone was able to increase Gch1 expression when compared with

the complete medium, whereas the 96 h-SPS solution prevented

this alteration in Gch1 gene expression (Figure 3).

To investigate the effects of 96 h-SPS solution on stemness

potential of LA7 CSCs, we determined the expression of Oct4

and Sox2 in these cells after 24h incubation with this solution

and control solutions. Surprisingly, in comparison with RPMI

and complete medium, 96 h-SPS solution enhanced Oct4 gene

expression significantly p< 0.01 (Figure 3).

Because, in our real-time PCR analysis, the Sox2 gene was

not expressed at detectable level in any of complete medium or

RPMI-treated flasks, we were not able to compare three

indicated groups statistically in context of this gene expression.

However, cross threshold (ct)values for 96 h-SPS–treated cells,

cultured in three independent 25 cm2
flasks were detected as

follows: (35.65), (38.52, undetected), and (40.65, undetected). In

this PCR analysis, two PCR tubes for each flask and three

independent flasks for each indicated group were analyzed.

The Gapdh gene expression was almost at the same levels in

different groups. The ct-value for this gene in complete medium

group was obtained as (20.99, 20.84), (21.32, 20.97), and

(21.93,21.7).This value in RPMI group was (21.35, 21.64),

(23.05, 22.97), and (20.84,20.92) and in 96 h-SPS treated

group was (20.41, 20.41), (20.83, 20.81), and (21.52,21.24).
A B

FIGURE 2

(a) LA7 scratch test photomicrographs. Cells culture plate scratched by 100-ml micropipette tip and exposed to the three indicated solutions for
24h and 48h. These data showed that the indicated 96 h-SPS group were able to inhibit the LA7 cells migration (C, F, I), whereas the empty
area was almost not observed in complete medium (A, D, G), and RPMI group (B, E, H) after 48h. Magnification: 40×. By using image J software
(NIH, USA), the relative empty area was calculated. (b) Quantification of the indicated empty area of LA7 cell migration under the influence of
complete medium, RPMI, and 96 h-SPS group after 0h, 24h, and 48h cell incubation. The 96 h-SPS–treated LA7 cells showed a significant
reduction in cell migration in comparison with RPMI. The empty area after 48h of cell incubation was significantly increased in this group
compared with the initial empty area at 0h (p = 0.006), whereas this area was significantly decreased in RPMI group (p = 0.036). Data expressed
as mean ± SD (n = 5). Bars indicate the SD. In each panel, *p < 0.05, **p < 0.01.
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Thus, it could be concluded from these data that 96 h- SPS could

weakly enhance Sox2 gene expression.
3.2 In vivo inhibitory effect of 96 h-SPS
on LA7 cancer stem cells induced
tumor in rat

To evaluate the effect of 96 h-SPS solution on LA7 CSCs

induced tumor, we determined main biological features such as

the tumor growth, cytotoxicity, biochemical and pathological

changes, and investigated the expression of metabolic and

stemness related genes using an in vivo tumor study system.

Moreover, we identified the protein composition of 96 h-

SPS solution.

3.2.1 Tumor size measurement
To obtain an overall view about the effects of 96 h-SPS

solution on LA7-induced tumor growth, the size and rigidity of
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the tumors were evaluated and animals’ weight was recorded

during this study. No tumor was developed in one of the 96 h-

SPS–treated rats. The size of other developed tumors treated

with 96 h-SPS solution was compared with normal saline treated

animals 8–13 days after LA7 cells were injected orthotopically

(Figure 4A, n = 6). Surprisingly, tumor sizes were larger in the 96

h-SPS–treated group compared with normal saline-treated

control (p = 0.027). However, contrary to this discrepancy, 96

h-SPS–treated tumors appeared as a very soft tissue with large

cavities in the central part, which were filled with creamy fluids

(Figure 5). Because different types of cell culture medium can

have different effect on growth of BC cell lines (34), to determine

the net effects of 96 h-SPS–derived biomolecules on tumor

growth, we also compared the tumor size in RPMI treated

animals with normal saline-treated group. The size of the

tumors in RPMI-treated animals was also greater than normal

saline group although statistically non-significant. However,

these tumors neither have any cavity nor creamy fluids as

observed in 96 h-SPS solution–treated tumors, but instead,
A B

FIGURE 4

Tumor sizes and rats total body weights. (A) The size of tumors at different time points and (B) rat’s total body weight in all groups.
FIGURE 3

Gene expression of Spr, Gch1, and Oct4 in LA7 cells exposed to complete medium (RPMI + 10% FBS), RPMI, and 96 h-SPS in vitro. Gapdh was
considered as an internal control. In comparison with two other solutions, 96 h-SPS–treated cells upregulated the Oct-4 gene expression, p< 0.01.
However, this solution was significantly able to downregulate the Spr gene expression when compared with complete medium, p< 0.0001, and
RPMI groups, p< 0.001. Data expressed as mean ± SD, bars indicate the SD. In each panel. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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they were completely rigid on palpation (data not shown). There

was no discernible change in the weights of the rats in the three

groups (Figure 4B).

3.2.2 96 h-SPS has no cytotoxic effect
on animals

To check the 96 h-SPS solution toxicity on the rat, the blood

index was measured in animals and no significant difference was

observed (Table 1, P > 0.05). Animal organs such as liver, spleen,

kidney, and lung were removed after tumor subtraction to

measure their weight; however, there was no significant

difference in organ weight between the three groups

(Supplementary Material Figure S5).

3.2.3 96 h-SPS–affected tumor metabolism-
related parameters

To evaluate the effects of 96 h-SPS on LA7-induced tumor

metabolism, we measured the intra-tumor lactate, iron, and pH

levels in rats treated with 96 h-SPS, normal saline, and RPMI.

The 96 h-SPS–treated tumors showed a significantly lower level
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of lactate compared with normal saline treated group (Figure 6A,

p< 0.003). Although the RPMI-treated group showed an almost

twofold increase in intratumor lactate compared with 96 h-SPS–

treated group, but this difference was not statistically significant

(p > 0.05). In other words, RPMI could significantly decrease the

intra-tumor lactate levels compared with normal saline control

group albeit with lesser strength than 96 h-SPS solution (p =

0.003 for 96 h-SPS versus p = 0.01 for RPMI alone). Reduction in

H+ ions (decreased pH value) was significant in 96 h-SPS–

treated group compared with normal saline treated group

(Figure 6C, p< 0.01). This reduction was statistically not

significant in the RPMI-treated group compared with normal

saline control (p > 0.05). Intra-tumor iron level in 96 h-SPS and

normal saline-treated groups was not significantly different

(Figure 6B, p > 0.05).
3.2.4 Downregulation of intra-tumor Gch1,
Spr, Sox2, and Oct4 in 96 h-SPS–treated group

To assess the expression of key genes involved in cell

metabolism and proliferation, that is, Spr and Gch1, in LA7-

induced tumors to better understand 96 h-SPS mode of action

(MOA) as an anti-cancer mediator q-PCR was applied. In

general, the △Ct values of the chosen four target genes varied

more than the expression of Gapdh. The control group was used

to normalize and compare the changes in the expression levels of

the targets between the groups. To calculate gene expression

level, 2-△△Ct formula was hired for all target genes (Figure 7)

(35). The expression level of Spr gene in 96 h-SPS–treated LA7-

induced tumors was significantly decreased compared with

RPMI or normal saline treated groups (Figure 7A, p< 0.05).

The 96 h-SPS but not RPMI was able to significantly reduce the

Gch1 expression compared with the normal saline treated group

(Figure 7B, p< 0.001). In addition, the expression of key genes
FIGURE 5

The tumor’s inner part removed from animal treated with 96
h-SPS solution.
TABLE 1 The blood index of cancerous rats treated with RPMI, 96 h-SPS, and normal saline.

Groups Parameter Normal range RPMI 96 h-SPS Normal saline P-value*

Complete blood count

RBC (*106/µl) 5.95 - 7.81 7.71 ± 0.48 7.53 ± 0.19 7.51 ± 0.3 0.58

WBC (*103/µl) 1.70 - 12.15 12.89 ± 4.31 9.29 ± 1.55 7.21 ± 3.22 0.26

MCV (fl) 39.20 - 60.75 54.3 ± 2 53.8 ± 0.9 54 ± 1.7 0.69

MCH pg 20.40 - 38.15 18 ± 0.61 18 ± 0.3 18.4 ± 0.55 0.37

MCHC (g/dl) 35.50 - 38.20 33.1 ± 0.43 33.7 ± 0.24 13.7 ± 0.34 0.02

PLT (*103/µl) 516 ± 239.84 810 ± 90.9 850.6 ± 94.2 681.5 ± 114.1 0.27

HCT (%) 33.60 - 44.15 41 ± 1.8 40 ± 0.72 41 ± 2 0.44

HGB (g/dl) 12.10 - 16.75 13.8 ± 0.76 13.6 ± 0.26 pt?>13.8 ± 0.76 0.84
fro
Data are reported on mean ± SD.
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involved in cancer differential therapy, Sox2, and Oct4 was

analyzed. The expression level of either Sox2 or Oct4

significantly increased in RPMI treated compared with 96 h-

SPS or normal saline treated group (Figures 7C, D, p< 0.05).
3.2.5 The histopathologic examination of LA7-
induced tumors

After removing the tumor from the rat body, the middle part

of all tumors was dissected with a scalpel, the pus-like liquid was

drained away from 96 h-SPS–treated tumors, and the tissues

were processed for light microscope histo-pathological

evaluation. The angiogenesis was significantly reduced in 96 h-

SPS–treated group in comparison with the normal saline and

RPMI treated groups (Figure 7E, p = 0.024, and p = 0.037,

respectively). The mitotic cell number in 96 h-SPS–treated

tumors was similarly significantly lower than normal saline

treated group, but not in RPMI group (Figure 7F, p > 0.05).

Preformed H&E-stained slides inferred that the tumors

treated with 96 h-SPS had extensive necrosis; nevertheless, less

angiogenesis was observed compared with either RPMI or

normal saline-treated groups. An increased trend of focal

necrosis was observed in 96 h-SPS–treated rats in comparison
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with either normal saline or RPMI-treated groups (Figures 8-[a]

A–C). Figures 8-(a) D–F shows a significantly lower mitotic cell

number in 96 h-SPS–treated tumors compared with normal

saline-treated group, whereas angiogenesis was significantly

reduced in 96 h-SPS–treated rats compared with normal saline

and RPMI-treated groups (Figures 8-[a] G–I).

3.2.6 Immunohistochemistry evaluation of Ki67
in mitotic cells

To investigate mitotic cells, Ki67 antigen was assessed as a

mitotic indicator in the 96 h-SPS–treated group. The lower level

of Ki67 revealed that mitosis was suppressed in the 96 h-SPS–

treated groups compared with normal saline-treated group

(Figures 8-[b] A, B). Also, the histological evaluation revealed

an extensive necrosis pattern and cell infiltration in the niche of

the tumor (Supplementary Material Table S2).

3.2.7 96 h-SPS solution proteins identification
To identify the protein components of the 96 h-SPS solution,

we used LC-ESI-MS/MS data for database search with the

software Mascot using human sequences from SwissProt

database (20 259 sequences). Peptide mass tolerance was set to
A

B C

FIGURE 6

Evaluation of intra-tumor lactate, iron, and pH levels in rats tumorized with LA7. (A) The lactate level in different groups. The 96 h-SPS–treated
cells exhibited the lowest levels of lactate (B) The level of intra-tumor iron in different treated groups. There was no significant difference
between 96 h-SPS and normal saline in the viewpoint of iron concentration (C) The H+ ions level in all treated groups. The 96 h-SPS–treated
cells exhibited the highest levels of intra-tumor pH value. Data are expressed as mean ± SD; bars indicate the SD. In each panel. ns = non-
significant, *p < 0.05, and **p < 0.01.
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50 ppm, fragment mass tolerance was set to o.6 Da, and a

significance threshold p< 0.05 was used. Oxidation at

methionine was set as variable modification for the searches.

Peptides with up to one missed cleavage site were searched. An

ion score cutoff of > 26 (individual ion score greater than 26
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indicate identity or extensive homology) was applied for the

peptide identification. Two hundred ninety-four significantly

expressed proteins were identified in the solution. To compare

the protein expression level in different sample groups, the RPMI

medium was set as control for comparison with the 96 h-SPS
A B

D

E F

C

FIGURE 7

(A–D) Gene expression of target genes, that is, Spr, Gch1, Oct4, and Sox2. (E, F) Angiogenesis and mitosis in the tumors from rats exposed to 96
h-SPS, normal saline, and RPMI treatment. (A) Spr gene expression in LA7-induced tumors. In comparison with normal saline and RPMI groups,
the 96 h-SPS–treated tumors showed the lowest level of Spr gene expression, p< 0.05 for both. (B) Gch1 gene expression comparison between
groups. 96 h-SPS but not RPMI solution was able to downregulate the Gch1 gene expression significantly when compared with the normal
saline treated tumors, p< 0.001 (C) Gene expression of Sox2 in the tumors isolated from rats. RPMI but not 96 h-SPS solution was able to
upregulate the Sox2 expression in comparison with normal saline group, p< 0.05. (D) The expression of Oct4 in rats treated with 96 h-SPS,
normal saline, and RPMI solutions. RPMI but not 96 h-SPS solution was able to upregulate the Oct-4 expression in comparison with normal
saline group, p< 0.01. (E) The angiogenesis in three indicated groups. In comparison with two other control groups, the 96 h-SPS–treated
exhibited the lowest level of angiogenesis, p< 0.05 for both. (F) The number of mitotic cells in different studied groups. In 96 h-SPS–treated
tumors, but not in the RPMI group, the number of cells in the mitosis phase of the cell cycle was significantly lower than normal saline control,
p< 0.05. Data expressed as mean ± SD, bars indicate the SD. In each panel. *p < 0.05, **p < 0.01, and ***p < 0.001.
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group. To calculate the protein expression ratio, the mean value

of the protein ratio in each group was used (Students’ t-test, p<

0.05). To gain a global insight into the 294 differentially

expressed proteins, bioinformatics tools such as Gene

Ontology (ClueGO V.2.5.8) and KEGG Pathway Analysis tool

using Cytoscape (V 3.9.1) were applied (Supplementary Material

Figure S6). As a result of analysis of proteins identified and a

comprehensive literature review, in the 96 h-SPS solution only

five additional proteins were involved in tumor biology

(Supplementary Material Table S3).
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4 Discussion

The most important finding of this study was that, in 96 h-

SPS–treated group, the LA7 CSCs developed soft and large

tumors with a large central cavity, which seemed like an

abscess filled with a creamy liquid. This macroscopic

manifestation was supported by our histopathologic finding,

indicating an obvious necrosis lesion and higher prevalence of

polymorphonuclear cells in this type of tumor. However, this

finding was ambiguous with tumor development in normal
A

B

FIGURE 8

(a) Histopathology of LA7-induced tumors. (A–C) Higher necrotic area in 96 h-SPS–treated tumors (A) compared with the RPMI (B) and normal
saline groups (C). (D–F) The mitotic cell number was reduced in 96 h-SPS–treated tumors (D) in comparison with RPMI (E) and normal saline (F)
groups. (G–I) Angiogenesis in three indicated groups. 96 h-SPS–treated tumors exhibited the lowest level of angiogenesis (G) when compared
with the RPMI (H) or normal saline control (I). *The magnification of images: (A–C) 10X, (D–I) 40X. (b) Ki67 immunostained tumor–induced by
LA7 cells. (A) Ki67-positive cells in the tumor treated with 96 h-SPS. (B) More Ki67-positive cells were observed in the tumor treated with normal
saline in comparison with 96 h-SPS solution. *The magnification of images: (A, B) 40X.
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saline- and RPMI-control groups, where tumors were rigid, and

had smaller or almost the same size, respectively, compared with

96 h-SPS–treated tumors. This ambiguity can be clearly

explained by considering our following in vitro and in vivo

findings. Interestingly, the number of blood vessels was

significantly reduced in 96 h-SPS–treated tumors compared

with both control groups (p< 0.05). It is well known that

angiogenesis is a critical factor for tumor progression to meet

the high demand for nutrients and oxygen required for highly

metabolic active tumor cells (36, 37). Indeed, hypoxia-induced

necrosis is a general finding in routine pathological evaluation.

This conclusion is consistent with a clinical study reported by

Vasiliki Michalaki who indicated that, using anti-angiogenesis

drug (sunitinib) caused an intra-abdominal tumor-like abscess

formation, which mimicked disease progression, without any

pathological evidence of malignancy, in a patient with renal cell

carcinoma (38). Moreover, our well-controlled in vitro study of

96 h-SPS solution effects on LA7 viability, provided us some

convincing data to conclude that, the abovementioned abscess-

like tumor was not a real mass of cancerous cells, followed by

LA7 CSCs proliferation, which resulted in the development of

tumor with a larger size than normal saline and RPMI controls.

Here, 96 h-SPS solution strongly reduced the LA7 cells viability

when compared with complete cell culture medium (p< 0.00001)

or to RPMI (p = 0.004). Furthermore, in vitro tracking of LA7

proliferation, which was performed by CFSE proliferation assay,

revealed that 96 h-SPS solution–treated cells showed a slower

rate of proliferation than both complete medium and

RPMI controls.

In comparison with complete medium control, RPMI-

treated cells exhibited a lower rate of viability (p< 0.00001) in

MTT assay and less proliferation rate in CFSE-based

proliferation analysis, however, in a lower extent compared

with 96 h-SPS solution. These findings were expected as serum

plays some known and unknown pivotal roles in animal cell

culture including cancer cells (39). Thus, serum deprivation

could induce LA7 cell death and reduce the cell viability to

almost 50% in the present study. Valdis Pirsko examined the

effects of three different cell culture media including RPMI-1640

on three human BC cell lines (MCF7, SkBr3, and MDA-MB-

436) and reported that formulation of growth media is an

important factor for culturing of these cancer cell lines (34).

Since, in the body of an animal, the injected RPMI could be

mixed with the interstitial fluid containing blood-derived growth

substances that can be similar to substances present in cell

culture serum, practically originated data from in vitro study

by RPMI control may not be so relevant to in vivo data.

However, as a basal medium for 96 h-SPS, it can be

considered as data to predict the net effects of biomolecules

produced by human immune cells during 96h of serum

starvation. Accordingly, it can be said that, in our in vitro
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study, these biomolecules appeared stronger than RPMI basal

medium in the context of reduction of cancer cells viability,

proliferation, and migration. Furthermore, in in vivo study, to

deduce the pure effects of such biomolecules on different

indicated variables, we used normal saline group as baseline

conditions for tumor growth which can be partially mimicked by

complete medium in in vitro study for nutrient and growth

factors availability view point but not for cell network

complexity. Moreover, there is some evidence in the literature

that convinced us to use normal saline control in this study. For

instance, Valdis Pirsko group also reported that the cell culture

medium with higher vitamin content improved cell yields and

growth time in the abovementioned human BC cell lines (34).

The association between dietary vitamin B12 and lung cancer

risk was reported by Hung N Luu (40). Atoum, Manar F

reported an anti-tumor activity for combination of vitamin

B12 and vitamin (41). Vitamin B12 is one of the ingredients of

RPMI-1640 medium, which we survey its tumor/anti-tumor

effects in literature as a representative of this medium. Finally,

we already reported that the DMEM-treated LA7 induced tumor

in rats showed a slightly larger size compared with the normal

saline group (30). Interestingly, in line with in vitro SFSE-based

data, 96 h-SPS solution but not RPMI alone treated tumors

exhibited a reduced level of mitotic cells at significant levels

when compared with tumors isolated from normal saline treated

tumors (p< 0.05). The proliferation marker, nuclear Ki 67

antigen is used as an early predictor of BC treatment efficacy

and as a prognostic factor of long-term outcome for this cancer

(42).Our confirmatory data obtained from Ki 67 antigen IHC

staining obviously support an anti-proliferation potential for 96

h-SPS solution. Collectively, the above described data showed

that 96 h-SPS solution, but not RPMI, was able to reduce the

tumor angiogenesis and inhibited LA7 cell proliferation at

statistically significant levels (p< 0.05). Certainly, further study

is required to better understand the MOA of the 96 h-SPS

solution in this context. However, in the present study, we found

some evidence implicating that 96 h-SPS solution governs the

expression of some key genes in cancer cells survival,

metabolisms, proliferation, stemness, and angiogenesis.

Targeting the metabolism of CSCs or pushing these cells to

differentiate into mature cancer cells may therefore lead to

effective treatment approaches. For instance, Xiaojing Zhan

showed that the knockdown of SPR gene in human BC cell

lines suppresses the cell’s proliferation by inducing ROS-

mediated apoptosis (43). In the present study, the intra-tumor

expression of Spr gene in 96 h-SPS–treated group was

significantly lower than RPMI and normal saline groups (p<

0.05 for both). In comparison with the normal saline group, Spr

gene expression was not reduced significantly in the RPMI-

treated group. In the cell culture model, 96 h-SPS solution was

also able to reduce Spr gene expression in LA7 cells much more
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strongly than RPMI (p = 0.0006) and normal saline (p< 0.0001).

RPMI was not able to execute any significant change in Spr gene

expression in vitro when compared with normal saline control.

This means that the observed effect came from some unknown

96 h-SPS–specific biomolecules, which were produced during

the immune cells starvation process. Moreover, GCH1

inhibition has been shown to prevent the production of BH4

and suppress tumor development via directly killing tumor cells

and inhibiting angiogenesis (44). In addition, it improves

immune response by altering proangiogenic M2 to M1

macrophages in the tumor microenvironment (44).

Interestingly, the intra-tumor Gch1 gene expression was

strongly inhibited in 96 h-SPS–treated tumors, but not in

RPMI group, when compared with the normal saline control

group (p< 0.001). By taking into account that Gch1 is a rate-

limiting enzyme in BH4 production by Spr gene-encoded

enzyme, that is, sepiapetrin reductase (45), it can be concluded

that Gch1-Spr gene expression axis might be targeted in 96 h-

SPS–treated tumor, but not in RPMI group, when the expression

of Gch1 and Spr genes in these groups was compared with

normal saline reference group. One of the main limitations of

this study is that the level of BH4 was not determined in different

groups neither in cell culture study nor in tumors. However,

there is evidence in the literature that strongly supports the

correlation between Gch1 gene suppression and reduction of

cellular BH4 levels. Jade Bailey reported that knockdown of

GTPCH at the level of > 90% resulted in marked reduction in

cellular BH4 level and induction of ROS generation in the

mitochondria of endothelial cells (46). Besides acting as

cofactors for different amino acid hydroxylase, BH4 is also a

cofactor for different NOS, that is, nNOS, eNOS and iNOS, and

thus promoting NO production in cells (45). NO is considered as

a master regulator in cancer development and progression (47).

However, in the absence or reduced levels of BH4, uncoupled

NOS produces ROS instead of NO (48). ROS is an inducer of

cancer cells death with different patterns including necrosis (49).

Gch1-Spr-BH4 and NO/ROS imbalance axis should be examined

in 96 h-SPS–treated tumors in the future, as a possible molecular

mechanism involved in the induction of tumor cells death and

inhibition of tumor development in the present study. On the

other hand, BH4 plays an important role in iron metabolism and

mitochondrial bioenergetics (50). Iron consumption and storage

are increased in cancer cells, which can alter the cancer cell

proliferation and migration rate, resistance to ferroptosis type of

cell death, and immune escape (43).

To obtain an overall view of the intra-tumor iron levels, we

compared the total iron in 96 h-SPS–treated tumor to normal

saline reference group, where we saw a significant reduction in

gene expression of Gch1-Spr axis. We were not able to find any

significant difference in iron levels between the two groups.

Moreover, we did not evaluate the intra-cellular or more

especially intra-mitochondrion iron levels to provide more
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details. Further study at cellular and subcellular levels is

needed to examine the Gch1-Spr-BH4 axis and iron ferric/

ferrous types in 96 h-SPS–treated tumors.

Surprisingly, our in vitro data showed that RPMI, but not 96

h-SPS, was able to enhance Gch1 expression in LA7 cells culture;

however, it lost this ability in LA7-induced tumors

microenvironment whereas gained the ability to increase Oct4

and Sox2 stemness related gene expression. In contrast, 96 h-

SPS, but not RPMI, supported the Oct4 and Sox2 genes

expression in vitro, whereas these supports were lost in the

tumor’s microenvironment. It is difficult to explain these

controversial findings between in vitro and in vivo study by

the present study; however, based on a published paper, LA7

cells as estrogen responsive CSCs can produce a solid tumor with

heterogeneous population of differentiated and undifferentiated,

low proliferative and high proliferative cells when injected

orthotopically in rat mammary gland fat pad (51). In the

present study, we also injected LA7 cells into sexually mature

female rats orthotopically and the time course for tumor

development was almost similar to tumor growth time course

in the previously reported study, likewise, the tumors appeared

around 5–6 days post-injection and reached their maximum size

after 12 days. Thus, we hypothesized that the above described

difference between in vitro and in vivo data may originate from

some hormone such as estrogen, which was only available in

vivo . Further study needs to establish a mechanism

underpinning this difference. However, it seems logical if we

explore such mechanisms in RPMI-treated LA7 cells in vitro and

in vivo. This medium is formulated with different vitamins such

as B12 and antioxidant substances such as reduced form of

glutathione and glucose, which can play pivotal roles in cancer

cell metabolism and differentiation. Lactate, which is an

important substance produced by glucose metabolism, is

considered as an important biomolecule in different aspects of

tumor biology study. In the present study, we measured the

intra-tumor levels of lactate and pH. We showed that, in

association with significant levels of increased pH in 96 h-

SPS–treated tumors, the lactate level was reduced significantly,

but the tumors treated with RPMI could reduce the lactate

production without affecting pH value significantly when

compared with reference normal saline control. It means that

RPMI could have some in vivo effects on cancer cells metabolism

and growth as previously reported in in vitro study (34).

Finally, the difference in executing anti-cancer biological

functions between 96 h-SPS and its basal medium, RPMI, was

well documented in our LA7 cells migration assay. Scratch

wound healing is used to predict the anti-tumor migration

activity of indicated molecules (52). As Figure 2 shows, the

initial empty area created by scratch was linearly decreased in

both completed medium and RPMI controls, whereas this area

was linearly increased in 96 h-SPS–treated cells. This finding

confirmed the result of the MTT assay that proved the LA7
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1025933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mehri et al. 10.3389/fimmu.2022.1025933
cytotoxicity effect of 96 h-SPS and CFSE based data indicated the

anti-cancer cell proliferation activity for this solution.

Moreover, we hypothesized that a specific type or a group of

proteins in 96 h-SPS might be involved in affecting tumors. To

elucidate the exact effector element of the 96 h-SPS treatment, we

analyzed the 96 h-SPS protein composition, in which Hsp60,

RhoGDI2, CXCL5, and SPARC were discovered.

Hsp60 was one target protein, which was found in 96 h-SPS

proteins identified by proteomics analysis. Hsp60 has different

roles in immune response such as secretion of cytokines from

professional antigen-supplying cells and activates T cells (53). It

can also stimulate dendritic cell maturation through TLR2-4

signal transduction pathways and synergize IFN-g
proinflammatory action (54). Another protein that has

recently been shown to suppress cancer metastasis is Rho

GDP dissociation inhibitor 2 (RhoGDI2). The loss of

RhoGDI2 expression in patients is closely correlated with

cancer pathology and progression of metastasis (55). It has

been observed that the NT-domain of SPARC and its 51-aa

peptide are very effective in modulating and increasing

apoptosis, thus increasing the sensitivity to chemotherapy

drugs in resistant tumors, which provides more insight into

the mechanisms of resistance to chemotherapy (56). CXCL5 is a

chemokine that stimulates the chemotaxis of neutrophils and

plays an active role in recruiting different immune cells into

inflammatory sites (57). Furthermore, we discovered that

PMNCs were the most common migratory cells in 96 h-SPS–

treated tumors with a mixed pattern of inflammatory cell

migration, such as mast cells.

It would be beneficial to study the behavior of immune cells

in the microenvironment of solid tumors under favorable

conditions, such as under starvation stress, which they grow

under growth factor deprivation, to gain a better understanding

of how tumors are treated. Additionally, cancer and immune

cells are exposed to nutrient challenges in the tumor

microenvironment; a model such as serum starvation

conditions can be a suitable in vitro model to research tumor

metabolism biology.
5 Conclusions

Taken together, the data generated in this study indicate

that 96 h-SPS solution–derived biomolecules may help to

prevent BC stem cell–mediated tumor development and

progress. This effect could be exerted through different

mechanisms such as direct cytotoxicity, inhibition of cell

proliferation and migration, in association with reduction in

Gch1 and Spr genes expression, mitigation of angiogenesis and

mitosis, and increasing of necrosis. The preliminary data

obtained from the present study need to be investigated on a
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larger scale and can be used as a pilot for further studies on the

biology of cancer development.
Data availability statement

The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium via the PRIDE (58)

partner repository with the dataset identifier PXD039472.
Ethics statement

The animal study was reviewed and approved by the local

ethical committee under reference number IR.MUBABOL.

HRI.REC.1398.221 at Babol University of Medical Sciences.
Author contributions

Conceptualization: AM, BK, RG; Methodology: MM, MR,

HN, HA-N, SF; Investigation: MM, MR, HK, SF, KN, MR, HHN;

Formal analysis: DS, RG, AM; Resources: BK, AM; Data curation:

BK, RG, AM; Writing-original draft preparation: MM, RG;

Writing-review and editing: RG, AM, BK; Visualization: RG;

Supervision and project administration: BK, AM. All authors

contributed to the article and approved the submitted version.
Funding

This work was supported by grants from the Immune

Regulation Research Center and Cellular and Molecular

Biology Research Center of Babol University of Medical

Sciences under grant number 724132434.
Acknowledgments

Thanks, Mr. Mostafa Sheikhzadeh for his kind helps in our

animal study and we would like to thanks the scientific staff of

Cellular and Molecular Biology Research Center at Babol

University of Medical Sciences for their useful technical

supports. Note: The presented data are a part of a published

patent under International Application No. PCT/EP2020/087239.
Conflict of interest

Author BK was employed by the company IGUANA

BioTechnology GmbH.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1025933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mehri et al. 10.3389/fimmu.2022.1025933
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
Frontiers in Immunology 16
reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.1025933/full#supplementary-material
References
1. Rodriguez CJ, Allison M, Daviglus ML, Isasi CR, Keller C, Leira EC, et al.
Status of cardiovascular disease and stroke in Hispanics/Latinos in the united
states: a science advisory from the American heart association. Circulation (2014)
130(7):593–625. doi: 10.1161/CIR.0000000000000071

2. Group EBCTC. Effects of chemotherapy and hormonal therapy for early
breast cancer on recurrence and 15-year survival: an overview of the randomised
trials. Lancet (2005) 365(9472):1687–717. doi: 10.1016/S0140-6736(05)66544-0

3. Wicha MS, Liu S, Dontu G. Cancer stem cells: an old idea–a paradigm shift.
Cancer Res (2006) 66(4):1883–90. doi: 10.1158/0008-5472.CAN-05-3153

4. Kakarala M, Wicha MS. Implications of the cancer stem-cell hypothesis for
breast cancer prevention and therapy. J Clin oncology: Off J Am Soc Clin Oncol
(2008) 26(17):2813. doi: 10.1200/JCO.2008.16.3931

5. Yang L, Shi P, Zhao G, Xu J, PengW, Zhang J, et al. Targeting cancer stem cell
pathways for cancer therapy. Signal transduction targeted Ther (2020) 5(1):1–35.
doi: 10.1038/s41392-020-0110-5

6. Targeting cancer stem cells and signaling pathways by phytochemicals: Novel
approach for breast cancer therapy. Semin Cancer Biol (2016). Elsevier. doi:
10.1016/j.semcancer.2016.09.001

7. Heberle AM, Prentzell MT, Van Eunen K, Bakker BM, Grellscheid SN,
Thedieck K. Molecular mechanisms of mTOR regulation by stress. Mol Cell Oncol
(2015) 2(2):e970489. doi: 10.4161/23723548.2014.970489

8. Pietras K, Östman A. Hallmarks of cancer: interactions with the tumor
stroma. Exp Cell Res (2010) 316(8):1324–31. doi: 10.1016/j.yexcr.2010.02.045

9. De Wever O, Demetter P, Mareel M, Bracke M. Stromal myofibroblasts are
drivers of invasive cancer growth. Int J cancer. (2008) 123(10):2229–38. doi:
10.1002/ijc.23925

10. Hambardzumyan D, Bergers G. Glioblastoma: defining tumor niches.
Trends cancer. (2015) 1(4):252–65. doi: 10.1016/j.trecan.2015.10.009

11. Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates
cancer progression. Cancer Res (2019) 79(18):4557–66. doi: 10.1158/0008-
5472.CAN-18-3962

12. Whiteside TL. The role of immune cells in the tumor microenvironment. In:
The link between inflammation and cancer (2006) (Boston, MA: Springer). p. 103–24.

13. Bremnes RM, Busund L-T, Kilvær TL, Andersen S, Richardsen E, Paulsen
EE, et al. The role of tumor-infiltrating lymphocytes in development, progression,
and prognosis of non–small cell lung cancer. J Thorac Oncol (2016) 11(6):789–800.
doi: 10.1016/j.jtho.2016.01.015

14. Tumour microenvironment and metabolic plasticity in cancer and cancer
stem cells: Perspectives on metabolic and immune regulatory signatures in
chemoresistant ovarian cancer stem cells. Semin Cancer Biol (2018). Elsevier.
doi: 10.1016/j.semcancer.2018.10.002

15. Soula M, Weber RA, Zilka O, Alwaseem H, La K, Yen F, et al. Metabolic
determinants of cancer cell sensitivity to canonical ferroptosis inducers. Nat Chem
Biol (2020) 16(12):1351–60. doi: 10.1038/s41589-020-0613-y

16. Douglas G, Hale AB, Crabtree MJ, Ryan BJ, Hansler A, Watschinger K, et al.
A requirement for Gch1 and tetrahydrobiopterin in embryonic development. Dev
Biol (2015) 399(1):129–38. doi: 10.1016/j.ydbio.2014.12.025

17. Crabtree MJ, Tatham AL, Hale AB, Alp NJ, Channon KM. Critical role for
tetrahydrobiopterin recycling by dihydrofolate reductase in regulation of
endothelial nitric-oxide synthase coupling: relative importance of the de novo
biopterin synthesis versus salvage pathways. J Biol Chem (2009) 284(41):28128–36.
doi: 10.1074/jbc.M109.041483

18. Zhong G-C, Zhao Z-B, Cheng Y, Wang Y-B, Qiu C, Mao L-H, et al.
Epigenetic silencing of GCH1promotes hepatocellular carcinoma growth by
activating superoxide anion-mediated ASK1/p38 signaling via inhibiting
tetrahydrobiopterin de novo biosynthesis. Free Radical Biol Med (2021) 168:81–
94. doi: 10.1016/j.freeradbiomed.2021.03.025

19. Chen L, Zeng X, Wang J, Briggs SS, O’Neill E, Li J, et al. Roles of
tetrahydrobiopterin in promoting tumor angiogenesis. Am J pathology. (2010)
177(5):2671–80. doi: 10.2353/ajpath.2010.100025

20. Yu KR, Yang SR, Jung JW, Kim H, Ko K, Han DW, et al. CD49f enhances
multipotency and maintains stemness through the direct regulation of OCT4 and
SOX2. Stem Cells (2012) 30(5):876–87. doi: 10.1002/stem.1052

21. Swain N, Thakur M, Pathak J, Swain B. SOX2, OCT4 and NANOG: The
core embryonic stem cell pluripotency regulators in oral carcinogenesis. J Oral
Maxillofac Pathology: JOMFP. (2020) 24(2):368. doi: 10.4103/jomfp.JOMFP_22_20

22. Jerabek S, Merino F, Schöler HR, Cojocaru V. OCT4: dynamic DNA binding
pioneers stem cell pluripotency. Biochim Biophys Acta (BBA)-Gene Regul
Mechanisms. (2014) 1839(3):138–54. doi: 10.1016/j.bbagrm.2013.10.001

23. Hu Y, Fu L. Targeting cancer stem cells: a new therapy to cure cancer
patients. Am J Cancer Res (2012) 2(3):340.

24. Püschel F, Favaro F, Redondo-Pedraza J, Lucendo E, Iurlaro R, Marchetti S,
et al. Starvation and antimetabolic therapy promote cytokine release and
recruitment of immune cells. Proc Natl Acad Sci (2020) 117(18):9932–41. doi:
10.1073/pnas.1913707117

25. Tian X, Huang B, Zhang X-P, Lu M, Liu F, Onuchic JN, et al. Modeling the
response of a tumor-suppressive network to mitogenic and oncogenic signals. Proc
Natl Acad Sci (2017) 114(21):5337–42. doi: 10.1073/pnas.1702412114

26. Britain CM, Dorsett KA, Bellis SL. The glycosyltransferase ST6Gal-I protects
tumor cells against serum growth factor withdrawal by enhancing survival
signaling and proliferative potential. J Biol Chem (2017) 292(11):4663–73. doi:
10.1074/jbc.M116.763862

27. Rahmani M, Khorasani HR, Golpour M, Shabestani MA, Nattaj H, Abedian
S, et al. Stable down-regulation of hla class-i by serum starvation in human pbmcs
(short paper) (Shiraz, Iran: Iranian Society for Immunology and Allergy). Iran J
Immunol (2016) 13(1):54-63.

28. Rahmani M, Mohammadnia-Afrouzi M, Nouri HR, Fattahi S, Akhavan-
Niaki H, Mostafazadeh A. Human PBMCs fight or flight response to starvation
stress: Increased T-reg, FOXP3, and TGF-b1 with decreased miR-21 and constant
miR-181c levels. Biomedicine Pharmacotherapy. (2018) 108:1404–11. doi: 10.1016/
j.biopha.2018.09.163

29. Pourbagher R, Akhavan-Niaki H, Jorsaraei SGA, Fattahi S, Sabour D, Zabihi
E, et al. Targeting LA7 breast cancer stem cells of rat through repressing the genes
of stemness-related transcription factors using three different biological fluids.
Gene (2020) 734:144381. doi: 10.1016/j.gene.2020.144381

30. Pourbagher R, Ghorbani H, Akhavan-Niaki H, Jorsaraei SGA, Fattahi S,
Ghooran S, et al. Downregulation of stemness genes and induction of necrosis in
rat LA7 cancer stem cells induced tumors treated with starved fibroblasts culture
supernatant. Rep Biochem Mol Biol (2021) 10(1):105. doi: 10.52547/rbmb.10.1.105

31. Fattahi S, Amirbozorgi G, LotfiM, Amini Navaei B, Kavoosian S, Asouri M,
et al. Development of a universal taqman probe for mRNA gene expression
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1025933/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1025933/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000000071
https://doi.org/10.1016/S0140-6736(05)66544-0
https://doi.org/10.1158/0008-5472.CAN-05-3153
https://doi.org/10.1200/JCO.2008.16.3931
https://doi.org/10.1038/s41392-020-0110-5
https://doi.org/10.1016/j.semcancer.2016.09.001
https://doi.org/10.4161/23723548.2014.970489
https://doi.org/10.1016/j.yexcr.2010.02.045
https://doi.org/10.1002/ijc.23925
https://doi.org/10.1016/j.trecan.2015.10.009
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1016/j.jtho.2016.01.015
https://doi.org/10.1016/j.semcancer.2018.10.002
https://doi.org/10.1038/s41589-020-0613-y
https://doi.org/10.1016/j.ydbio.2014.12.025
https://doi.org/10.1074/jbc.M109.041483
https://doi.org/10.1016/j.freeradbiomed.2021.03.025
https://doi.org/10.2353/ajpath.2010.100025
https://doi.org/10.1002/stem.1052
https://doi.org/10.4103/jomfp.JOMFP_22_20
https://doi.org/10.1016/j.bbagrm.2013.10.001
https://doi.org/10.1073/pnas.1913707117
https://doi.org/10.1073/pnas.1702412114
https://doi.org/10.1074/jbc.M116.763862
https://doi.org/10.1016/j.biopha.2018.09.163
https://doi.org/10.1016/j.biopha.2018.09.163
https://doi.org/10.1016/j.gene.2020.144381
https://doi.org/10.52547/rbmb.10.1.105
https://doi.org/10.3389/fimmu.2022.1025933
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mehri et al. 10.3389/fimmu.2022.1025933
analysis. Iranian J Sci Technology Trans A: Science. (2018) 42(2):363–70. doi:
10.1007/s40995-017-0173-5

32. Feng Y, Feng Y, Gu L, Liu P, Cao J, Zhang S. The critical role of
tetrahydrobiopterin (BH4) metabolism in modulating radiosensitivity: BH4/NOS
axis as an angel or a devil. Front Oncol (2021) 11. doi: 10.3389/fonc.2021.720632

33. Hu Q, Wei W, Wu D, Huang F, Li M, Li W, et al. Blockade of GCH1/BH4
axis activates ferritinophagy to mitigate the resistance of colorectal cancer to
erastin-induced ferroptosis. Front Cell Dev Biol (2022) 10. doi: 10.3389/
fcell.2022.810327

34. Pirsko V, Cakstina I, Priedite M, Dortane R, Feldmane L, Nakazawa-
Miklasevica M, et al. An effect of culture media on epithelial differentiation
markers in breast cancer cell lines MCF7, MDA-MB-436 and SkBr3. Medicina
(2018) 54(2):11. doi: 10.3390/medicina54020011

35. Gheitasi R, Keramat F, Khosravi S, Hajilooi M, Pletz MW, Makarewicz O,
et al. Evaluation of Th2 and Th17 immunity-related factors as indicators of
brucellosis. Front Cell Infect Microbiol (2022), 1356. doi: 10.3389/
fcimb.2021.786994

36. Chouaib S, Lorens J. Targeting the tumor microenvironment for a more
effective and efficient cancer immunotherapy. Front Media SA; (2020), 933. doi:
10.3389/978-2-88963-817-8

37. Hendry SA, Farnsworth RH, Solomon B, Achen MG, Stacker SA, Fox SB.
The role of the tumor vasculature in the host immune response: implications for
therapeutic strategies targeting the tumor microenvironment. Front Immunol
(2016) 7:621. doi: 10.3389/fimmu.2016.00621

38. Michalaki V, Arkadopoulos N, Kondi-Pafiti A, Gennatas C. Abscess
formation mimicking disease progression, in a patient with metastatic renal cell
carcinoma during sunitinib treatment. World J Surg Oncol (2010) 8(1):1–3. doi:
10.1186/1477-7819-8-45

39. Pilgrim CR, McCahill KA, Rops JG, Dufour JM, Russell KA, Koch TG. A
review of fetal bovine serum in the culture of mesenchymal stromal cells and
potential alternatives for veterinary medicine. Front Veterinary Sci (2022), 557. doi:
10.3389/fvets.2022.859025

40. Luu HN, Wang R, Jin A, Koh W-P, Yuan J-M. The association between
dietary vitamin B12 and lung cancer risk: findings from a prospective cohort study.
Eur J Cancer Prev (2021) 30(3):275–81. doi: 10.1097/CEJ.0000000000000660

41. Atoum MF, Alzoughool FE, Al-Mazaydeh ZA, Rammaha MS, Tahtamouni
LH. Vitamin B12 enhances the antitumor activity of 1, 25-dihydroxyvitamin d 3 via
activation of caspases and targeting actin cytoskeleton. Tumor Biol (2022) 44
(1):17–35. doi: 10.3233/TUB-211536

42. Urruticoechea A, Smith IE, Dowsett M. Proliferation marker ki-67 in early
breast cancer. J Clin Oncol (2005) 23(28):7212–20. doi: 10.1200/JCO.2005.07.501

43. Liu S, Cao X, Wang D, Zhu H. Iron metabolism: State of the art in hypoxic
cancer cell biology. Arch Biochem Biophysics. (2022) 723:109199. doi: 10.1016/
j.abb.2022.109199

44. Pickert G, Lim HY, Weigert A, Häussler A, Myrczek T, Waldner M, et al.
Inhibition of GTP cyclohydrolase attenuates tumor growth by reducing
angiogenesis and M2-like polarization of tumor associated macrophages. Int J
cancer. (2013) 132(3):591–604. doi: 10.1002/ijc.27706
Frontiers in Immunology 17
45. Latremoliere A, Costigan M. GCH1, BH4 and pain. Curr Pharm Biotechnol
(2011) 12(10):1728–41. doi: 10.2174/138920111798357393

46. Bailey J, Shaw A, Fischer R, Ryan BJ, Kessler BM, McCullagh J, et al. A novel
role for endothelial tetrahydrobiopterin in mitochondrial redox balance. Free
Radical Biol Med (2017) 104:214–25. doi: 10.1016/j.freeradbiomed.2017.01.012

47. Khan FH, Dervan E, Bhattacharyya DD, McAuliffe JD, Miranda KM, Glynn
SA. The role of nitric oxide in cancer: master regulator or NOt? Int J Mol Sci (2020)
21(24):9393. doi: 10.3390/ijms21249393

48. Chang HC, Wu R, Shang M, Sato T, Chen C, Shapiro JS, et al. Reduction in
mitochondrial iron alleviates cardiac damage during injury. EMBO Mol Med
(2016) 8(3):247–67. doi: 10.15252/emmm.201505748

49. Zou Z, Chang H, Li H, Wang S. Induction of reactive oxygen species: an
emerging approach for cancer therapy. Apoptosis (2017) 22(11):1321–35. doi:
10.1007/s10495-017-1424-9

50. Cronin SJ, Seehus C, Weidinger A, Talbot S, Reissig S, Seifert M, et al. The
metabolite BH4 controls T cell proliferation in autoimmunity and cancer. Nature
(2018) 563(7732):564–8. doi: 10.1038/s41586-018-0701-2

51. Oyenihi OR, Krygsman A, Verhoog N, De Beer D, Saayman MJ, Mouton
TM, et al. Chemoprevention of LA7-induced mammary tumor growth by SM6Met,
a well-characterized cyclopia extract. Front Pharmacol (2018) 9:650. doi: 10.3389/
fphar.2018.00650

52. Shaji SK, Drishya G, Sunilkumar D, Suravajhala P, Kumar GB, Nair BG.
Systematic understanding of anti-tumor mechanisms of tamarixetin through
network and experimental analyses. Sci Rep (2022) 12(1):1–20. doi: 10.1038/
s41598-022-07087-6
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