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Yeast extract inhibits the proliferation of renal cell
carcinoma cells via regulation of iron metabolism
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Abstract. The microbiome has recently attracted research
interest in a variety of subjects, including cancer. In the present
study, it was determined that reinforced clostridium media
(RCM) for microbiome culture, exerts antitumor effects on
renal cell carcinoma cells when compared to the microbiome
‘X’. The antitumor effects of RCM were investigated for all
ingredients of RCM, and the results revealed that yeast extract
could be a candidate for the ingredient driving this phenom-
enon. Further experiments including MTT assay, cell counting,
cell death analysis, cell cycle analysis and western blotting
were conducted with yeast extract on renal cell carcinoma cells
(Caki-1 and Caki-2) and normal human proximal tubular cells
(HK-2). As a result, yeast extract exhibited dose-dependent
antitumor effects on Caki-1 and Caki-2, but only slight effects
on HK-2. In addition, yeast extract only exhibited slight effects
on necrosis, autophagy, or apoptosis of Caki-1 and Caki-2.
Yeast extract produced cell cycle arrest with an increased
G,/G, fraction and a decreased S fraction, and this was
considered to be related to the decreased cyclin D1. Although
yeast extract treatment increased anti-oxidant activities, the
antitumor effects of yeast extract were also related to iron
metabolism, based on the decreased transferrin receptor and
increased ferritin. In addition, decreased GPX4 may be related
to iron-dependent cell death, particularly in Caki-2. These
results revealed that yeast extract may inhibit proliferation
of renal cell carcinoma cells by regulating iron metabolism.
Since an increased iron requirement is a classic phenomenon
of cancer cells, yeast extract may be a candidate for adjuvant
treatment of renal cell carcinoma.
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Introduction

Renal cell carcinoma (RCC), the most common type of
kidney cancer, originates from the proximal tubule (1), and
an increasing incidence of ~21.7 per 100,000 people has
been observed over last decade as well as a 5-year survival
rate of 79.9% in South Korea (2). The most common initial
treatment of RCC involves removing the affected kidney, and
then multiple therapies are used, including medications when
metastasis occurs. However, RCC is known to be resistant to
chemotherapy and radiotherapy in most cases (3).

There has been substantial interest regarding the use of
microbiota in cancer research. Although in vitro and animal
model studies suggest a protective anticancer effect of probi-
otics, the results of human epidemiological studies are still
controversial (4,5). In chronic kidney disease or end-stage
renal disease patients, a correlation has been observed between
the chronic alteration of intestinal microbiota homeostasis,
dysbiosis, and chronic kidney disease (6,7). Although the rela-
tionship among gut microbiota-derived metabolites, signaling
pathways, and kidney diseases remains to be elucidated, gut
microbiota-derived short-chain fatty acids have been revealed
to be involved in kidney diseases through the activation of the
gut-kidney axis. The main beneficial effects of short-chain
fatty acids on kidney function involved decreasing inflam-
mation and enhancing antioxidant activity (8). Furthermore,
dysbiosis could promote many diseases, including colonic and
extracolonic cancers (4). Microorganism fermentation extract
has exhibited a growth inhibitory effect on cancer cells (9).

With the increasing interest in the use of gut microbiota in
the extra-intestinal field, the effects of microbiota on preventive
or therapeutic modality in kidney cancer were investigated. In
our preliminary study, an unknown microbiome-X and the
reinforced clostridial media (RCM) for microbiota culture as
a positive control were used to treat RCC and human kidney
proximal tubular cells (HK-2). RCM unexpectedly exhibited
anticancer effects compared with the microbiome-X, thus the
potential growth inhibitory activity of RCM was studied on
primary (Caki-2) and metastatic (Caki-1) RCC cell lines.

Materials and methods

Cell culture. The HK-2 human kidney proximal tubular
cell lines [American Type Culture Collection (ATCC)]
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and Caki-1 and Caki-2 clear cell RCC cell lines (Korean
Cell Line Bank) were respectively cultured in RPMI-1640
medium and McCoy's 5A, both supplemented with 10% fetal
bovine serum (FBS; Welgene, Inc.) at 37°C with 5% CO,,
as previously described (10) as indicated by ATCC. For the
anchorage-dependent culture, each cell was seeded in a cell
culture dish (90x20 mm; SPL Life Sciences).

Reagents and antibodies. Difco™ reinforced clostridial
medium (RCM) was purchased from BD Biosciences
and all ingredients assessed including yeast extract were
obtained from Sigma-Aldrich; Merck KGaA (Table I).
3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) was purchased from Amresco, Inc. (VWR
Inernational LLC).

The antibodies used were specific for caspase-3 (diluted
1:2,000; product no. 9662) and cleaved caspase-3 (diluted
1:500; product no. 9661; both from Cell Signaling Technology,
Inc.), c-Myc (diluted 1:1,000; cat. no. sc-764) and catalase
(diluted 1:5,000; cat. no. sc-271803; both from Santa Cruz
Biotecnology, Inc.), cyclin Bl (diluted 1:1,000; product
no. 4138) and cyclin D1 (diluted 1:2,000; product no. 2978;
both from Cell Signaling Technology, Inc.), ferritin heavy
chain (FTHI,; diluted 1:2,000; cat. no. sc-376594) and GAPDH
(diluted 1:5,000; cat. no. sc-25778; both from Santa Cruz
Biotecnology, Inc.), glutathione peroxidase 4 (GPX4; diluted
1:1,000; ID product code ab41787; Abcam), LC3-I/1T (diluted
1:2,000; product no. 12741; Cell Signaling Technology, Inc.),
p21 (diluted 1:1,000; cat. no. 60214-1-Ig; Proteintech Group,
Inc.), SLC7A11 (cysteine/glutamate transporter (xCT); diluted
1:2,000; cat.no. ANT-111; Alomone Labs), SOD-1 (Cu-ZnSOD;
diluted 1:5,000; cat. no. sc-11407), SOD-2(MnSOD; diluted
1:5,000; cat. no. sc-30080) and transferrin receptor (CD71,
TfRC; diluted 1:2,000; cat. no. sc-65882; all from Santa Cruz
Biotecnology, Inc.).

Cell counting and MTT assay for cell viability. Cells
(5x10%/each cell line) were seeded in appropriate media supple-
mented with 10% FBS, washed twice with phosphate-buffered
saline (Welgene, Inc.), and then fresh medium was added.
Next, various concentrations of RCM (0.5, 1.0, 5.0, and 10.0%)
and yeast extract (1, 5, and 10% dissolved in distilled water
(DW) prior to the experiment) were added to the cells. The
number of viable cells was estimated at various time-points
(up to 72 h of culture) using trypan blue staining, as previously
described (11), since an MTT assay revealed interference when
treated with high concentrations of RCM and yeast extract.

The effect of the ingredients of RCM on cell viability was
evaluated using MTT reduction into its formazan product as
instructed by the manufacturer. Cells (2x10%/each cell line)
were seeded in triplicate wells in 96-well plates and treated
with each ingredient and RCM itself. Next, the cells were incu-
bated for 72 h and then MTT reagent (5 mg/ml in PBS) was
added into each well for 2 h, dissolved in DMSO for 15 min,
and the MTT reduction was assessed spectrophotometrically
at 595 and 620 nm as background using a VERSAmax micro-
plate reader (Molecular Devices Korea LLC). The absorbance
values obtained from the wells of the vehicle (DW)-treated cells
represent 100% cell viability and were used for comparisons
with the treated cells.
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Flow cytometry. Cells were treated with or without 5.0% yeast
extract for 72 h. For cell death analysis, suspended cells were
incubated with 5 ul Annexin V-FITC and 5 ul propidium iodide
for 15 min at room temperature in the dark using the EzZWay
Annexin V-FITC Apoptosis Detection Kit (KOMA Biotech)
according to the manufacturer's protocol. Biding buffer was
added to each mixture, and the samples were analyzed through
flow cytometry within 1 h using the FACSCalibur™ system
(BD Biosciences).

For cell cycle analysis, the cells were fixed in 70% ethanol
for 1 h at 4°C, washed with PBS, and treated with 100 ug/ml
RNase A (Sigma-Aldrich; Merck KGaA) for 1 h at 37°C.
Next, the cells were stained with 25 pg/ml propidium iodide
(Sigma-Aldrich; Merck KGaA) for 15 min at 37°C. Flow cytom-
etry was then performed using the FACSCalibur™ system
(BD Biosciences) and analyzed by BD FACStation software
version 6.0 (BD Biosciences), as previously described (11).

Western blotting. In order to obtain intracellular proteins,
cultured cells were harvested in M-PER mammalian protein
extraction reagent (Thermo Fisher Scientific, Inc.) including
1% protease inhibitor cocktail set III (EMD Millipore),
0.5% phosphatase inhibitor cocktail 2 and 0.5% phosphatase
inhibitor cocktail 3 (both from Sigma-Aldrich; Merck KGaA).
Protein concentration was assessed using BCA protein assay
(Thermo Fisher Scientific,Inc.) according to the manufacturer's
instructions.

The electrophoresis of protein in cell lysates on any TGX
Stain-Free FastCast™ Acrylamide Starter Kit (Bio-Rad
Laboratories, Inc.) using tris/glycine buffer systems (product
nos. 161-0772 and 161-0771; Bio-Rad Laboratories, Inc.) onto
PVDF membranes was performed as previously described (10).

The membranes were first blocked with 5% skim milk
for 1 h and then incubated with primary antibodies overnight
at 4°C. After washing, peroxidase anti-mouse or anti-rabbit
IgG antibodies (cat. no. WB-2000 or WB-1000; Vector
Laboratories, Inc.) were applied for 1 h at room temperature.
Next, western lighting chemiluminescence reagent (product
no. NEL101; PerkinElmer, Inc.) was used to detect proteins.
The anti-GAPDH antibody was used as a loading control on
the stripped membranes. The bands were quantified using
AzureSpot analysis software (version 14.2; Azure™ c300;
Azure Biosystems, Inc.).

Statistical analysis. All data were compiled from a minimum
of three replicate experiments. Data are expressed as the
mean + standard deviation. The results were compared between
treated and control cells using Student's t-test (SPSS version
14.0) and compared among groups or cell lines using ANOVA
with a Bonferroni post-hoc test (both from SPSS, Inc.). P<0.05
was considered to indicate a statistically significant difference.

Results

Yeast extract is a candidate for the reinforced clostridium
media (RCM)-related viability on RCC cells. It was revealed
that when compared to the microbiome ‘X’, RCM had antitumor
effects on RCC cells. In our preliminary study, the MTT assay
was not a useful method due to interference, and the results
were compared with the cell counting results (data not shown).
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Table I. List of the ingredients of Difco™ RCM formula and
used reagents in the experiments.

Used ingredient
(cat. no., purchased
from Sigma-Aldrich;

Difco™ RCM formula (/liter) Merck KGaA)
Agar 05¢g A1296
Beef extract 100 g -
Cysteine HCI 05¢g C1276
Dextrose 50¢g D9434
Peptone 100 ¢g -
Sodium acetate 30¢g 52889
Sodium chloride 50¢g -
Soluble starch 10g S9766
Yeast extract 30¢g Y1625

RCM, reinforced clostridial medium.

RCM inhibited the growth of all cells examined in a
dose-dependent manner under cell counting. Following treat-
ment with various concentrations of RCM (0.5, 1.0, 5.0, and
10.0%) for 72 h, the HK-2 cell viability was reduced to 96.65,
83.73 (P=0.018), 63.83 (P=0.001), and 35.58% of that of the
vehicle-treated condition, respectively. The viability of Caki-1
and Caki-2 were respectively reduced to 67.43 (P<0.01),
46.92, 17.06, and 2.76% and 77.63 (P=0.031), 45.48 (P=0.008),
19.03, and 5.94% of those of the vehicle-treated condition,
respectively (Fig. 1A).

In a subsequent experiment, a dose of 1.0% RCM was
used. All ingredients except for peptone and beef extract were
assessed for the antitumor effects of RCM using MTT assay.
Compared to the counting results, HK-2, Caki-1, and Caki-2
cells exhibited relatively high ratios of viable cells at 1% RCM
treatment, with values of 83.73 vs. 118.67, 46.92 vs. 68.12,
and 45.48 vs. 62.17%, respectively (Fig. 1B). Sodium acetate
(P=0.048), starch (P=0.028), and yeast extract (82.40% vs. the
vehicle, P=0.001) revealed considerable antitumor effects on
Caki-2, but all of the ingredients had only slight effects on
Caki-1, with the lowest viability with yeast extract (91.92% vs.
the vehicle, P=0.202).

Yeast extract exhibits dose-dependent and time-dependent
antitumor effects on RCC cells. Following 72 h of incubation,
it was observed that yeast extract exerted antitumor effects
on the RCC cells in a dose-dependent manner at 1.0, 5.0 and
10.0% concentrations by volume compared to the normal
kidney proximal tubular cells (HK?2; P=0.194) (Fig. 1C).
Yeast extract did not affect HK-2 cells, in which the viability
was counted as 92.04% even with 10% yeast extract treatment
(P=0.018). Yeast extract exhibited significant antitumor effects
in a dose-dependent manner): viabilities of 79.11-41.01% and
78.16-49.12% at 1.0-5.0% yeast extract treatments on Caki-1
and Caki-2 cells, respectively. Accordingly, the expected ICs,
was 5.0% of yeast extract on RCC cells. Therefore, a dose of
5.0% yeast extract was used in all subsequent experimentation.
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With 5.0% yeast extract, time-dependent antitumor effects
were estimated in RCC cells (Fig. 1D). Compared to Caki-1,
Caki-2 exhibited relatively slow proliferation. Caki-1 and
Caki-2 exhibited decreased cell viability in a time-dependent
manner: after 72 h, the ratios of proliferation were 42.88%
(2.81 times vs. 1.19 from the 24-h incubation) and 51.54%
(2.11 times vs. 0.96 from the 24-h incubation) of the control
levels in Caki-1 and Caki-2, respectively.

Yeast extract does not affect the cell death of RCC cells. In
order to investigate the mechanism responsible for the anti-
tumor effects of yeast extract, cell death and related protein
levels were evaluated.

Yeast extract induced necrosis and apoptosis and were
identified through Annexin V/PI staining. Compared to the
control, yeast extract resulted in no marked increase in the
rate of necrosis or apoptosis in RCC cells (Figs. 2A and 3A).
Although statistically significant differences were observed
for late apoptosis (0.09-0.36%, P=0.005) and necrosis
(0.73-1.70%, P=0.011), the percentage was extremely small in
the case of Caki-2 (Fig. 3A).

Furthermore, the expression of apoptosis-related caspase-3
(total vs. cleaved form) and autophagy-related LC3 I/II was
detected (Figs. 2B and 3B). Total caspase-3 was significantly
decreased (P=0.047) in Caki-1, but in the other proteins was
unchanged following yeast extract treatment. Accordingly,
the expression of caspase-3 was not significantly altered in
Caki-1 (P=0.219) or Caki-2 (P=0.283). Both LC3 T and LC3 II
were significantly decreased in Caki-1 (P<0.001 and P=0.001,
respectively) and increased in Caki-2 (P=0.005 and P=0.008),
however the expression level of LC3 II/I was sustained under
yeast extract treatment.

Yeast extract affects the cell cycle of RCC cells. Yeast extract
inhibited the proliferation of RCC cells. The effects of yeast
extract on the cell cycle were assessed through PI staining.
Both Caki-1 (Fig. 4A) and Caki-2 (Fig. 5A) cells were incu-
bated with 5% yeast extract, revealing a significant increase
in the G¢/G, phase (P=0.019 and P=0.036, respectively) and a
decrease in the S phase (P=0.015 and P=0.033, respectively).

Compared to the untreated control cells, the fraction of
Caki-1 and Caki-2 cells in the G,/G, phase demonstrated a
significant upward trend (4.64% Caki-1, 20.38% increase
Caki-2) following treatment with 5% yeast extract. Specifically,
the G,/G, fractions were 78.92 and 75.65% in untreated cells
and 83.56 and 96.03% in cells treated with yeast extract in
Caki-1 and Caki-2, respectively.

In order to delineate the mechanisms underlying the cell
cycle arrest induced by yeast extract, p21, cyclin D1, cyclin B1,
and c-Myc were assessed, which all promote cell cycle
progression. Under yeast extract treatment, the expression of
cyclin D1 (P=0.008) and c-Myc (P=0.015) was significantly
decreased in Caki-1 (Fig. 4B), while those of p21 (P=0.007),
cyclin D1 (P=0.017),and cyclin B1 (P<0.001) were significantly
decreased in Caki-2 (Fig. 5B).

Yeast extract differentially affects intracellular antioxidant
activity in RCC cells. Following yeast extract treatment,
potential changes in the intracellular antioxidant activity
were investigated in RCC cells (Fig. 6). The levels of catalase,
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Figure 1. Yeast extract is a candidate for the antitumor effects of RCM on RCC cells. (A) RCM exhibited dose-dependent antitumor effects on RCC cells
(Caki-1 and Caki-2) following 72 h of incubation, but slight effects on the normal kidney proximal tubular cells (HK-2). (B) Yeast extract was a candidate for
the antitumor effects of all subunits of RCM. An MTT assay was not a useful method since it exhibited interference (RCM), as compared with the cell counting
results of A. (C) Yeast extract exhibited dose-dependent antitumor effects on the RCC cells compared to the normal kidney cells following 72 h of incubation.
Anticipated IC5, was 5.0% of yeast extract on RCC cells, and this was used in all subsequent experimentation. (D) Yeast extract (5.0%) significantly inhibited
the proliferation of metastatic (Caki-1) and primary (Caki-2) RCC cells. Cell survival is presented vs. the survival of vehicle-treated cells following treatment
with yeast extract. Data are expressed as the mean * standard deviation. "P<0.05 and “P<0.01 vs. the vehicle-treated control (A-C) or data from 1d (D).
RCM, reinforced clostridial media; RCC, renal cell carcinoma.
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Figure 2. Yeast extract does not affect cell death signaling of metastatic RCC cells (Caki-1). (A) Annexin V/PI staining was used to assess the necrosis and
apoptosis induced by 5.0% yeast extract in Caki-1 cells. Representative results of flow cytometric analysis of cell death distribution, in which the percentage of
each quadrant is numerically indicated. Quantitative data are expressed as the mean + standard deviation, which were not significant for necrosis and apoptosis.
(B) Western blot analysis revealed caspase-3-dependent apoptosis and LC3 dependent autophagy. There were no significant increases in cell death pathways.
Densitometry is presented vs. the vehicle-treated cells following treatment with yeast extract. Data are expressed as the mean + standard deviation. "P<0.05
and "'P<0.01 vs. vehicle. RCC, renal cell carcinoma.
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Figure 3. Yeast extract does not affect cell death signaling of primary RCC cells (Caki-2). (A) Annexin V/PI staining was used to assess the necrosis and
apoptosis induced by 5.0% yeast extract in Caki-2 cells. Representative results of flow cytometric analysis of cell death distribution, in which the percentage
of each quadrant is numerically indicated. Quantitative data are expressed as the mean + standard deviation. Late apoptosis and necrosis both significantly
increased with relatively small percentages of the entire portions. (B) Western blot analysis revealed caspase-3 dependent apoptosis and LC3-dependent
autophagy. There was no significant increase in cell death pathways, but there was a slight increase in cleaved caspase-3 vs. total caspase-3. Densitometry is
presented vs. the vehicle-treated cells following treatment with yeast extract. Data are expressed as the mean + standard deviation. "P<0.05 and “P<0.01 vs.
vehicle. RCC, renal cell carcinoma.
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Figure 4. Yeast extract triggers cell cycle arrest at the G,/G, phase in metastatic RCC cells (Caki-1). (A) Caki-1 cells were treated with yeast extract and cell
cycle progression was monitored using flow cytometry. Representative results of flow cytometric analysis of cell cycle analysis, and quantitative data are
expressed as the mean + standard deviation, revealing a significantly increased G,/G, and decreased S fraction. (B) Western blot analysis revealed decreased
p21, cyclin DI and c-Myc following yeast extract treatment. Significance was observed in both c-Myc and cyclin DI, which may be a possible mechanism
for Gy/G, arrest. Densitometry is presented vs. the vehicle-treated cells following treatment with yeast extract. Data are expressed as the mean + standard
deviation. "P<0.05 and “P<0.01 vs. vehicle. RCC, renal cell carcinoma.
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Figure 5. Yeast extract triggers cell cycle arrest at the G,/G, phase in primary RCC cells (Caki-2). (A) Caki-2 cells were treated with yeast extract and cell cycle
progression was monitored using flow cytometry. Representative results of flow cytometric analysis of cell cycle analysis, and quantitative data are expressed as
the mean + standard deviation, revealing a significantly increased G,/G, and decreased S fraction. (B) Western blot analysis revealed decreased p21, cyclin D1,
and cyclin B1 following yeast extract treatment. Decreased cyclin D1 could be a possible mechanism for GO/G1 arrest, but decreased cyclin Bl may be involved
in another mechanism for cell cycle arrest. Densitometry is presented vs. the vehicle-treated cells following treatment with yeast extract. Data are expressed
as the mean + standard deviation. ‘P<0.05, “P<0.01 vs. vehicle. RCC, renal cell carcinoma.

CuZnSOD and MnSOD were revealed to be differentially
altered. While CuZnSOD (P=0.005 in Caki-1, and P=0.010
in Caki-2) and MnSOD (P=0.048 in Caki-1, and P=0.021 in
Caki-2) were significantly increased in both RCC cells, cata-
lase was considerably decreased in Caki-1 (P<0.001, Fig. 6B)
but was not altered in Caki-2 (Fig. 6C) cells. Specifically,
densitometry revealed 165.84+66.14 and 153.31+55.81% of
CuZnSOD, 110.95+8.40 and 123.38+17.31% of MnSOD, and
60.12+12.61 and 115.82+17.61% of catalase in Caki-1 and
Caki-2 cells, respectively.

Yeast extract did affect cell proliferation via regulating the iron
metabolism. Following yeast extract treatment, potential changes
in antioxidant activity, GPX4, and related proteins which were
related to iron metabolism were investigated in RCC cells.

The levels of GPX4, transferrin receptor (TfRC), ferritin
heavy chain (FTHI), and cysteine/glutamate transporter (xCT)
were revealed to be differentially altered (Fig. 7). While a
significant increase of FTH1 (P<0.001 in Caki-1, and P=0.005
in Caki-2) was observed no change in xCT was observed in
both RCC cell lines. In addition, a significant decrease of
TfRC (P=0.001) was revealed in Caki-1 (Fig. 7B) and a signifi-
cant decrease of GPX4 was revealed in Caki-2 cells (P=0.007;
Fig. 7C). Specifically, densitometry revealed 208.26+32.78

and 179.43+55.78% of FTH1 in Caki-1 and Caki-2 cells,
respectively, along with 71.45+14.76% of TfRC in Caki-1 and
76.40+25.26% of GPX4 in Caki-2 cells.

Discussion

Based on the antitumor effects of RCM, six ingredients
including yeast extract were assessed for their antitumor
effects, and yeast extract was revealed to be the best candi-
date. According to the manufacturer (Sigma-Aldrich; Merck
KGaA), yeast extract (product no. Y1625) is a mixture of
amino acids, peptides, water soluble vitamins (including
B-complex vitamins), and carbohydrates, and it is suitable
for use as a nutritional source in microbial culture media.
Yeast extract has previously been revealed to inhibit
mitosis of cancer cells while having no inhibitory effects
on non-neoplastic cells (12-14). We first showed that yeast
extract exhibited growth inhibition activity on RCC cells
when compared with a vehicle (DW)-treated control, which
had dose- and time-dependent anti-proliferative effects, and
relatively slight growth inhibition activity in normal human
proximal tubular cells. Since no characteristic features of
necrosis, apoptosis, or autophagy were observed, the cancer
cells may have been arrested at a certain phase of the cell
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Figure 6. Yeast extract does affect intracellular antioxidant activities in
RCC cells. (A) Western blot analysis revealed catalase, CuZnSOD and
MnSOD activities after yeast extract treatment. The increased antioxidant
activities may be involved in cell cycle arrest. (B) CuZnSOD and MnSOD
were significantly increased, but catalase was significantly decreased in
metastatic RCC cells (Caki-1). (C) All antioxidant enzymes assessed were
increased in primary RCC cells (Caki-2). Densitometry is presented vs.
the vehicle-treated cells following treatment with yeast extract. Data are
expressed as the mean + standard deviation. "P<0.05, “P<0.01 vs. vehicle.
RCC, renal cell carcinoma.

cycle instead of moving to the sub-G,/G, phase. Based
on cell cycle analysis, G,/G, arrest under yeast extract
treatment was induced by the decreased cyclin D1 expres-
sion in RCC cells. Caki-2 exhibited a slower proliferation
curve compared with Caki-1 cells (Fig. 1D), which would
be related with the G1/S arrest. In addition, different cell
cycle regulators may also be partially involved in the
anti-proliferative effects of yeast extract including cyclin
B1, the G2/M phase regulator, particularly in Caki-2 cells.
These results were not surprising due to the nature of the
yeast extract of the mixture, but it was not considered to be a
major mechanism for cell cycle arrest since anticancer drugs
have exhibited cell cycle arrest with diminished cyclin D1
and/or cyclin B1 (15). The inhibition of tumor cell growth
can also be attributed to the increase in the steady state
levels of hydrogen peroxide caused by the increased activity
of antioxidant enzymes (16). Yeast extract-treated cells
exhibited higher levels of classic antioxidant activities with
catalase, MnSOD and CuZnSOD, which may be responsible
for the inhibition of cancer growth.
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Figure 7. Yeast extract does affect iron metabolism and/or iron-dependent
cell death. (A) Western blot analysis revealed GPX4, TfRC, FTH1 and
xCT following yeast extract treatment. (B) Significance was observed
with increased FTHI1 and decreased TfRC, while GPX4 and xCT were
not altered in metastatic RCC cells (Caki-1), which is responsible for the
growth inhibition activity via low free iron in the cell. (C) Significance was
observed with increased FTHI1 and decreased GPX4, while the TfRC and
xCT were not altered in primary RCC cells (Caki-2), which is responsible
for the iron-dependent cell death, ferroptosis. Densitometry is presented vs.
the vehicle-treated cells following treatment with yeast extract. Data are
expressed as the mean + standard deviation. “P<0.01. TfRC, transferrin
receptor; FTHI1, ferritin heavy chain; xCT, cysteine/glutamate transporter;
RCC, renal cell carcinoma.

Although the active cell death was unchanged, LC3 was
increased in Caki-2 and decreased in Caki-1 cells, indicating
that different cell death pathways may exist in RCC cells,
particularly in Caki-2 cells. Notably, GPX4, which belongs
to the family of glutathione peroxidases, was significantly
decreased in primary clear cell RCC cells (Caki-2). This is
worth noting since the inactivation of GPX4 leads to an
accumulation of lipid peroxides, resulting in ferroptosis, an
iron-induced non-apoptotic and non-necrotic oxidative form
of programmed cell death (17-21). Iron contributes to muta-
genicity and malignant transformation, and then malignant
cells require high amounts of iron for proliferation. For the
high requirement of iron, TfRC and FTH1 were increased in
transformed malignant cells (22,23). Recently, changes in iron
profile have been suggested as a successful marker for chemo-
therapy of metastatic renal cancer (24) based on previous
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accumulated studies involving serum iron (25), ferritin (26-28)
or TfRC (25,28). As ferroptosis is induced by the inhibition of
cysteine uptake or the inactivation of the lipid repair enzyme
GPX4 (29), xCT was further examined, but no significant
changes were revealed in RCC cells. Yeast treatment led to
decreased transferrin receptors and increased ferritin in
metastatic RCC cells (Caki-1), which may partially contribute
to the growth inhibition activity of yeast extract via the low
free iron level in the cancer cells. However, a slight increase in
transferrin receptors and a decreased GPX4 were observed in
primary RCC cells (Caki-2), suggesting that ferroptosis may
be involved in the antitumor effects of yeast extract in Caki-2
cells. This can be reinforced by the facts that targeted drugs
on RCC, including tyrosine kinase (sorafenib and pazopanib)
or mammalian target of rapamycin (mTOR) inhibitor (evero-
limus and temsirolimus), inhibit growth factors that have been
revealed to promote the growth and spread of tumors (30).
The tyrosine kinase, sorafenib, is also known as an inhibitor
for cysteine transporter (20), and the mTOR pathway is one
of the regulators of iron homeostasis via iron, ferritin, and
TfRC (24,28,31). However, recent molecular data (32) insists
that Caki-2 is a type of papillary RCC rather than a clear cell
RCC, which may account for the different responses in this
experiment. More RCC cell lines, including clear cell or papil-
lary cell types, should be included to determine the possible
mechanism of antitumor effects of yeast extract in future
experiments.

In conclusion, yeast extract, a mixture of compounds, may
have a variety of effects on cancer cells requiring further
investigation, however, herein its potential roles in the growth
inhibition activities on RCC cells were clearly revealed. The
anti-proliferative effects of yeast extract were iron-dependent
and resulted in GO/G1 arrest through decreased cyclin D1 and
increased cell death, possibly via ferroptosis in primary RCC
cells. The iron-dependent cell death pathway may be another
mechanism for the antitumor effects of yeast extract and
should be further researched, particularly in primary RCC.
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