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Abstract

Background

Lactoferrin (LF), a member of the transferrin family, recently has been demonstrated to
have anticancer effects on various cancers including oral squamous cell carcinoma
(OSCC). However, little is known about the underlying mechanisms of its effects on OSCC.
Therefore, we aimed to investigate the mechanism of the suppressive effects of bovine LF
(bLF) on the growth of OSCC cells.

Methods

In the current study, HSC2, HSC3, HSC4 and normal human oral keratinocytes (RT7) cell
lines were tested with bLF 1, 10, and 100 ug/ml. The effects and detail mechanisms of bLF
on proliferation and apoptosis of cells were investigated using flow cytometry and western
blotting.

Results

We found that bLF (1, 10, and 100 pg/ml) induced activation of p53, a tumor suppressor
gene, is associated with the induction of cell cycle arrest in G1/S phase and apoptosis in
OSCC. Moreover, bLF downregulated the phosphorylation of Akt and activated suppressor
of cytokine signaling 3 (SOCS3), thereby attenuating multiple signaling pathways including
mTOR/S6K and JAK/STATS. Interestingly, we revealed that bLF exerted its effect selec-
tively against HSC3 but not on RT7 via different effects on the phosphorylation status of NF-
KB and Akt.
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Conclusion

This is the first report showing that bLF selectively suppresses proliferation through mTOR/
S6K and JAK/STAT3 pathways and induction of apoptosis in OSCC. This study provides
important new findings, which might be useful in the prevention and treatment of OSCC.

Introduction

Anti-cancer drugs derived from natural compounds are highly safe for the treatment of can-
cers. Lactoferrin (LF), an 80-kDa member of the transferrin family of iron binding glycopro-
teins [1], is naturally produced by epithelial cells [2] and found in external secretions mainly in
milk [3]. Diverse biological functions of LF such as anti-inflammatory [4], anti-viral [5], anti-
bacterial [6], and anti-tumor [7-10] have been reported. Interestingly, for many years, LF and
its derivatives have been proposed for cancer therapy due to their multiple tumor-targeting
and high cytological effects on cancer cells [11-13].

Inhibition of cell cycle progression in cancer cells is one of the main mechanisms by which
LF may inhibit cancer growth. Recent studies have shown that LF directly arrested cell cycle in
G1/S transition in breast and head and neck cancers both in vitro and in vivo via regulation of
cell cycle-associated proteins including Akt, p21, p19, p27, Cdk2, cyclin E, Cdk4, and cyclin
D1 [10,14-16].

In addition, LF and its derivative peptides were also reported to induce apoptosis in stom-
ach cancer by the activation of caspase 9 [17]; in breast cancer via increase in DNA fragmenta-
tion accompanied by chromatin condensation and nuclear fragmentation [18]; and in
leukemia through activation of caspase 2, 9, and 3 [19-21].

The mammalian target of rapamycin (mTOR), a serine/threonine kinase, is activated by
Akt signaling pathway and sequentially phosphorylates S6 kinase (S6K) [22] to modulate cellu-
lar growth. mTOR has recently been considered as an attractive target in cancer therapy
[23,24]. Suppressor of cytokine signaling 3 (SOCS3) is a negative feedback regulator of growth
signaling [25]. Recently, SOCS3 has been shown to deregulate Janus kinase and signal trans-
ducer and activator of transcription (JAK2/STAT?3) signaling [26] via its interaction with
receptor JAK2 through the SH2 domain [27]. In addition, restoration of SOCS3 expression
attenuated STATS3 activation, induced apoptosis, and suppressed tumor cell growth in lung
cancer [28].

LF and its derivatives are shown to reduce cancer cell growth; however, there is a limited
understanding about the mechanisms involved in LF-mediated growth inhibition in oral squa-
mous cell carcinoma (OSCC). Hence, investigating the effects of LF on cell proliferation path-
ways such as mTOR and JAK2/STAT3/SOCS3 can provide new insights of its action. Therefore,
we comprehensively investigated the biological effects and detail mechanisms of bLF on growth
of OSCC.

Methods
Reagents

Bovine lactoferrin (bLF) was procured from Sunstar Inc. (Osaka, Japan). Propidium Iodide
(PI), LY294002, S31-201, PF-4708671, and Caffeic acid (CAPE) were purchased from Sigma-
Aldrich (MO, USA). PE Annexin V Apoptosis Detection Kit was obtained from BD Biosci-
ences (CA, USA). Rapamycin was purchased from Santa Cruz Biotechnology (CA, USA).
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Bovine lactoferrin preparation

bLF was reconstituted in sterilized-distilled water at a concentration of 10 mg/ml. Reconsti-
tuted bLF was mixed homogenously by vortexing, filtered through 0.2 pm pore size filter, and
stored at -20°C.

Cell culture

The immortalized human oral keratinocyte cell line RT7 was maintained in Keratinocyte-SFM
(Gibco BRL, Gaithersburg, MD, USA) supplemented with 25 ug/ml of bovine pituitary extract,
0.5 ng/ml of epidermal growth factor, 100 U/ml of penicillin, and 100 pug/ml of streptomycin.
Human epithelial OSCC cell lines; HSC2, HSC3, and HSC4 were provided by Japanese Collec-
tion of Research Bioresources Cell Bank. These cell lines were cultured in RPMI-1640 (Nacalai
Tesque, Inc., Tokyo, Japan) supplemented with 10% heat inactivated FBS (Biowest, France)
and 100 U/ml of penicillin-streptomycin (Sigma-Aldrich, MO, USA). All cell lines were main-
tained in a humidified incubator at 37°C with 5% CO,.

Proliferation assay

HSC2, HSC3, HSC4, and RT7 cells were plated in 24-well plate at a density of 3,000 cells per
well. After 24 h of incubation, medium was replaced with bLF containing medium. Cells were
then trypsinised and counted on days 1, 2, 4, and 6 using a cell counter (Coulter Electronic,
UK). Each experiment was repeated at least 3 times in triplicate wells.

Flow cytometry analysis

HSC3 cells (1 x 10°) were seeded in 10 cm dishes with or without bLF (1 pg/ml, 10 pg/ml, and
100 pg/ml) for 48 h at 37°C. Cells were then harvested and centrifuged at 3,000 rpm for 3 min.
The pellets were washed three times with ice-cold phosphate buffered saline (PBS) (Nacalai
Tesque Inc), re-suspended in 2 ml of ice-cold 70% ethanol and stored overnight at -20°C.
After ethanol fixation, cells were washed twice with ice-cold PBS and centrifuged at 3,000 rpm.
For cell cycle analysis, PI solution (10 pg/ml of PI and 100 ug/ml of RNase A in PBS) was
added and samples were incubated at room temperature for 15 min prior to analysis. For apo-
ptosis, cell pellets were suspended in 5 pl of PE-Annexin V and 5 pl of 7-AAD viability staining
solution. Suspensions were gently mixed and incubated for 15 min at room temperature in the
dark. After incubation, 400 pl of 1x Binding Buffer was added to each sample. Both cell cycle
and apoptosis were measured using FACS Caliber flow cytometer (Becton-Dickinson, San
Jose, CA).

RT-PCR analysis

Total RNA was extracted from fresh HSC3 cells treated with and without bLF (1, 10, and

100 pg/ml) using RNeasy Mini Kit (Quiagen, K.K., Tokyo, Japan) according to manufacturer’s
instructions. cDNA was reverse transcribed from 1ug of total RNA with ReverTra Dash Kit
(Toyobo, Osaka, Japan). Total cDNA was amplified using Go Taq Green Master Mix (Pro-
mega, Madison, WI, USA), revolved using 1.5% agarose/TAE gels (Nacalai Tesque, Inc.,
Kyoto, Japan), and visualized by ethidium bromide staining. The following primer pair
sequences were used: Forward, 5/ ~-TGGCCACTCTTCAGCATCTC-3",Reverse, 5’ ~AGCTGG
GTGACTTTCTCATAGG-3" for human SOCS3; Forward, 5’ ~AGCAAACGAGGCCTAAGTCA~
37, Reverse, 5’ ~GCTGCTTGTGCTGATGGTAA~-3’ for human LRP1; Forward, 5/ - GCATCC
TGGGCTACACTGAG -3, Reverse, 5/ - TCCACCACCCTGTTGCTGTA -3’ for GAPDH.
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Western blotting

Cells were washed with ice-cold PBS and lysed in buffer containing 0.1% Triton X-100 (Roche,
Castle Hill, Australia), 10 pg/ml L-1 chlor-3-(4-tosylamido)-4-Phenyl-2-butanon (TPCK), 1
mM DTT, 0.1 mM NazVOy, 10 pg/ml L-1 chlor-3-(4-tosylamido)-7-amino-2-heptanon hydro-
chloride (TLCK), 0.1 mM leupeptin, and 50 pg/ml phenylmethylsulfonyl fluoride (PMSF) for
30 min. The lysates were centrifuged at 13,200 rpm for 20 min at 4°C. Supernatants were col-
lected and protein concentration was determined by Bradford Protein Assay (Bio-Rad, Rich-
mond, CA). The samples were then heated in 4 x Laemmli buffer at 100°C for 3 min. The
proteins were resolved on 10% polyacrylamide gel (PAGE), and transferred to nitrocellulose
membrane (Schleicher & Schuell, Dasse, Germany). The membranes were then blocked with
3% milk for 1 h at room temperature, and incubated with primary antibodies overnight at 4°C.
The following antibodies were used: p-Akt (9271; 1:1,000; Cell Signaling Technology), pan-
Akt (4691; 1:1,000; Cell Signaling Technology), p-NF-kB p65 (3033; 1:1,000; Cell Signaling
Technology), NF-«B p65 (sc-109; 1:1,000; Santa Cruz Biotechnology), p-p53 (9281; 1:1,000;
Cell Signaling Technology), p53 (9282; 1:1000; Cell Signaling Technology), p-mTOR (2971;
1:1,000; Cell Signaling Technology), mTOR (2983; 1:1,000; Cell Signaling Technology), p-S6K
(9204; 1:1,000; Cell Signaling Technology), S6K (2708; 1:1,000; Cell Signaling Technology),
SOCS3 (M20; 1:1,000), p-JAK2 (3771; 1:1,000; Cell Signaling Technology), JAK2 (3230;
1:1,000; Cell Signaling Technology), p-STAT3 (9133; 1:1,000; Cell Signaling Technology),
STATS3 (9132; 1:1,000; Cell Signaling Technology), p-Bad (5284; 1:1,000; Cell Signaling Tech-
nology), p-Bcl2 (2827; 1:1,000; Cell Signaling Technology), cleaved caspase 9 (9505; 1:1,000;
Cell Signaling Technology), cleaved caspase 3 (9664; 1:1,000; Cell Signaling Technology),
cleaved caspase 6 (9761; 1:1,000; Cell Signaling Technology), cleaved caspase 7 (8438; 1:1,000;
Cell Signaling Technology), BAD (695502; 1.0 pug/ml; Biolegend), Bcl2 (M0887; 1:1,000;
Dako), LRP1 (2703-1; 1:7,000; Epitomics), p21 (sc-817; 1:1,000; Santa Cruz Biotechnology),
cyclin D1 (M3642; 1:1,000; Dako), B-actin (A2228; 1:10,000; Sigma-Aldrich). Membranes were
then incubated with appropriate secondary antibodies (1:1000) for 1 h at room temperature.
The ECL western blotting detection system (GE Healthcare, UK) (Amersham, Piscataway, NJ,
USA) was used for visualization of western blots.

Statistical analysis

All numerical values reported represent mean values + S.D. Statistical significance among
groups was calculated using one-way ANOVA followed by Tukey’s post-hoc test. A value of
“p < 0.05 and **p<0.01 were considered statistically significant.

Results

Bovine lactoferrin inhibited the proliferation of HSC2, HSC3, and HSC4
but not RT7 cells

To investigate the effect of bLF on the proliferation of OSCC and normal mucosal epithelium,
HSC2, HSC3, HSC4, and human oral keratinocyte (RT7) cell lines were used. In parallel, all
cell lines were treated with different concentration of bLF (1, 10, and 100 ug/ml), and the num-
ber of cells was counted on days 1, 2, 4, and 6. The results indicated that bLF significantly sup-
pressed the growth of HSC2, HSC3, and HSC4 cells in a dose-dependent manner (Fig 1A, 1B
and 1C); however, it did not affect the growth of RT7 (Fig 1D). The results indicated that bLF
inhibits the proliferation of OSCC cells but not the normal mucosal epithelial cells. To investi-
gate the detail mechanisms of bLF action, HSC3 and RT?7 cells were selected for further
experiments.
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Fig 1. Effect of bovine lactoferrin on the proliferation of OSCC and normal mucosal cells. OSCC and RT7 cells were treated with different concentrations of bLF

(1 ug/ml, 10 pg/ml, and 100 pg/ml) and cell number was counted on days 1, 2, 4 and 6. bLF significantly prohibited the cell proliferation of OSCC cell lines in a dose-
dependent manner; (A) HSC2, (B) HSC3, and (C) HSC4. bLF did not affect the cell growth of RT7 cells (D). Data represented as mean + S.D; * p < 0.05 and ** p < 0.01
vs control (0 pg/ml of bLF).

https://doi.org/10.1371/journal.pone.0191683.9001

Bovine lactoferrin induced cell cycle arrest in HSC3 cells

Since bLF significantly inhibited the cell growth of HSC3 cells, next we checked the effect of
bLF on cell cycle progression in HSC3. Cells were treated with bLF (1, 10, and 100 pg/ml) for
48 h, and propidium iodide (PI) was used for cell cycle analysis by flow cytometry. HSC3 cells
treated with bLF provoked significant GO/G1 phase arrest in HSC3 cells (38.4%, 42.6%, and
46.0% respectively) as compared to control (34.9%). The arrest in GO/G1 phase led to a signifi-
cant drop in S-phase cell population from 13.4% in control to 12.1%, 11.6%, and 10.3% in bLF
treated HSC3 cells (Fig 2A). These observations indicated that bLF induces cell cycle arrest at
G1/8S transition.

To further clarify the mechanism involved in bLF-induced cell cycle arrest, we next exam-
ined the inhibitory effects of bLF on cell cycle-related molecules. p53, a tumor suppressor
protein, is potentially correlated with cell cycle in OSCC [29]. Here, we found that, bLF upre-
gulated p-p53 levels in HSC3 cells in a dose-dependent manner (Fig 2B). Moreover, the
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Fig 2. Bovine lactoferrin induced G1/S phase arrest, activation of p53, and regulated cell cycle-related proteins in HSC3 cells. HSC3 cells were treated with various
concentrations of bLF (0 pg/ml, 1 pg/ml, 10 ug/ml, and 100 pg/ml). After 48 h, cell cycle analysis was done using flow cytometry. (A) bLF induced significant increase in
cell population in GO/G1 phase in a dose-dependent manner suggesting the inhibition of G1/S phase transition. Bar graphs are representative for the same. Data were
shown as the mean + S.D; * p < 0.05, ** p < 0.01 vs control (0 ug/ml of bLF). (B) Expression of p-p53 and total p53 was analyzed 48 h post bLF treatment using western
blotting. bLF induced activation of p53 in a dose-dependent manner. (C) bLF downregulates expression of Cyclin D1 whereas it enhances p21 expression as determined
by western blots. B-actin was used as a loading control. Images are representative of three independent experiments (n = 3).

https://doi.org/10.1371/journal.pone.0191683.g002

accumulation of the cyclin-dependent kinase inhibitor p21, which mediates cellular senes-
cence of HSC3, was positively correlated with bLF treatment (Fig 2C). Reversely, bLF dimin-
ished the expression of cyclin D1 (Fig 2C), a regulator protein required for progression
through G1 phase of cell cycle. In contrast, we observed that bLF neither suppressed p-p53 and
cyclin D1 nor induced accumulation of p21 in RT7 cells (S2A Fig). Our findings indicated that
bLF regulates cell proliferation through G1/S cell cycle arrest via modulation of cell cycle-
related genes in OSCC but not in normal keretinocyte.

Bovine lactoferrin induced apoptosis in OSCC cells

To further assess the apoptosis-induced growth inhibition of OSCC, HSC3 cells were treated
with variable concentration of bLF for 48 h. Cells were then stained with PE-Annexin V and
7-AAD, and analyzed via flow cytometry. Results showed a significant increase in apoptotic
cell population in HSC3-treated cells (21.18% at 10 pg/ml of bLF; p = 0.0037 and 28.81% at
100 pg/ml of bLF; p = 0.0007), as compared to that in the control group (15.11%) (Fig 3A).
These results suggested that apoptosis is also involved in bLF-mediated growth inhibition of
HSC3 cells.

To understand the mechanism of bLF-induced apoptosis, protein expression of Bcl2 family
members, such as p-Bad and p-Bcl2 was determined at 48 h post bLF treatment. Western blot
analysis indicated that bLF significantly downregulated the protein levels of p-Bad and p-Bcl2
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Fig 3. Bovine lactoferrin induced apoptosis in OSCC cells. (A) To check the effect of bLF on cell apoptosis, HSC3 cells were incubated with bLF (1 pg/ml, 10 pg/ml,
and 100 pg/ml) for 48 h. Percentage of apoptotic cells were then analyzed by flow cytometry using PE Annexin V and 7-AAD. Cell populations were analyzed in four
quadrants, Q1: necrotic cells, Q2: late apoptotic cells, Q3: viable cells, and Q4: early apoptotic cells. Total apoptotic cells were measured as the sum of early and late
apoptotic cells. A dose-dependent increase in apoptotic cell number was observed after bLF treatment. Data were shown as the mean + S.D (n = 3); * p < 0.05, ** p < 0.01
vs control. (B) HSC3 cells were treated with or without bLF (1, 10, and 100 pg/ml) for 48 h. Expressions of apoptosis-related genes were analyzed by western blotting. bLF
treatment inhibited the phosphorylation of BAD and Bcl2 in HSC3 cells whereas expression of cleaved caspases 9, 3, 6, and 7 was upregulated. B-actin was used as a
loading control. Data are representative of 3 independent experiments (n = 3).

https://doi.org/10.1371/journal.pone.0191683.g003

(Fig 3B). In contrast, bLF treatment activated caspase-cascade in HSC3 cells. The protein levels
of cleaved caspases 9, 3, 6, and 7 were dramatically increased in bLF treated cells (Fig 3B) as
compared to control cells. However, the suppression of Bcl2 family members and the induction
of caspase-cascade by bLF were not observed in RT7 cells (S2B Fig). These results proposed the
involvement of bLF in apoptotic regulation in OSCC cells through mitochondrial modulation.

Bovine lactoferrin suppressed the phosphorylation of growth and survival
related kinase p65 and Akt in OSCC cells

The attenuation of kinase-related signals plays a critical role in the cell growth inhibition.
Depletion of NF-kB and Akt arrest cell cycle progression via dysregulation of the cell cycle
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Fig 4. Bovine lactoferrin suppressed the phosphorylation of growth and survival related kinase NF-kB p65 and Akt in HSC3 cells. HSC3 cells were treated with
different concentrations of bLF. (A) After 48 h, bLF inhibited the activation of growth and survival related kinase p65 and Akt in HSC3 cells. (B) Number of HSC3 cells
treated with and without CAPE 10pg/ml and bLF were counted. (C) G1/S cell cycle arrest related proteins were observed using western blot. (D) Proliferation assay were
conducted using HSC3 cells under treatment of LY294002 (10 uM) and bLF (100 pg/ml). Cells were counted on day 1, 2, 4, and 6. (E) G1/S cell cycle related molecules
were examined using western blot after 48 h stimulations of LY294002 and bLF. B-actin was used as loading control. Image is representative of 3 independent
experiments (n = 3).

https://doi.org/10.1371/journal.pone.0191683.g004

transitions at G1/S phase [30], and induces apoptosis [31]. Here, we investigated the effects of
bLF on p65 and Akt signaling pathways in HSC3 cells. We found that after 48 h of treatment,
bLF dramatically downregulated p-p65 and p-Akt expressions in a dose-dependent manner
(Fig 4A). To confirm the importance of p65 and Akt involving in growth and cell cycle arrest
in HSC3 cells, the use of a specific inhibitors of NF-kB (CAPE; 10ug/ml) and PI3K/Akt
(LY294002; 10uM) significantly attenuated the number of HSC3 cells and suppressed G1/S cell
cycle related molecules (Fig 4B, 4C, 4D and 4E). These results suggest that NF-kB/Akt is a criti-
cal molecule in the inhibitory effect of bLF on cell cycle progression and modulation of apo-
ptosis in OSCC cells. However, the decrease of the p-p65 and p-Akt by bLF were not observed
in normal keratinocyte cells RT7 (S3 Fig).

To explain the selective effects of bLF on cells, HSC3 and RT7 were treated with bLF for 48
h. The results showed that levels of phosphorylated Akt were higher in OSCC cells (HSC3)
than normal mucosal cells (RT7). bLF significantly inhibited p-Akt levels in HSC3 cells but
not in RT7 (S3 Fig). A recent report stated that activation of epidermal growth factor receptor
(EGFR)/Akt/mTOR axis acts as a positive feedback for constitutive upregulation of NF-xB
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subunit p65 in head and neck squamous cell carcinoma [32]. Our study revealed that bLF sig-
nificantly suppressed p-p65 expression in HSC3 cells without altering the p-p65 status in nor-
mal RT7 cells (S3 Fig). These observations suggested the involvement of NF-xB/Akt positive
feedback regulation in OSCC.

Bovine lactoferrin reduced phosphorylation of mTOR and S6K expressions
in HSC3 cells

The expression of mTOR, which is a key regulator in cell survival, was correlated with tumor
stages in clinical-pathological study, whereas the suppression of mTOR and its downstream
S6K reduced growth in OSCC cells [33]. Thus, we aimed to elucidate the involvement of bLF
on the mTOR/S6K pathway. HSC3 cells were treated with bLF for 48 h and expressions of
mTOR and S6K were analyzed by western blotting. bLF downregulated the expression of p-
mTOR and p-S6K in a dose-dependent manner (Fig 5A); suggesting that inhibitory effect of
bLF on HSC3 cell proliferation could be via inactivation of mTOR/S6K pathway. Interestingly,
bLF did not induce any significant changes of p-mTOR and p-S6K expressions in RT7 cells
(S4 Fig).

Furthermore, to check the combinatorial effect of rapamycin (an inhibitor of mTOR), PF-
4708671 (a specific inhibitor of S6K) and bLF, HSC3 cells were treated with rapamycin (10
nM), PF-4708671 (10 uM), and bLF (100 pg/ml) for 48 h. However, co-treatment of rapamy-
cin, PF-4708671, and bLF did not show any additive changes on expressions of p-mTOR and
p-S6K (Fig 5B), complementary effects on number of cells (Fig 5C and 5E), or cell cycle arrest
in G1/S of HSC3 (Fig 5D and 5F). These results suggested the novel function of bLF as inhibi-
tor of mMTOR/S6K pathway in OSCC.

Bovine lactoferrin attenuated activation of JAK2/STAT3 pathway through
SOCS3 mediated negative feedback modulation

Activation of suppressor of cytokine signaling 3 (SOCS3), a negative regulator of STAT3 sig-
naling, inhibits STATS3 signaling pathway to suppress the proliferation of OSCC [34]. There-
fore, we investigated the expressions of SOCS3, p-JAK2, and p-STAT3 in HSC3 cells after bLF
treatment. The RT-PCR and immunoblotting results showed that bLF markedly enhanced the
expression of SOCS3 both in mRNA and protein levels (Fig 6A) in HSC3 cells but not in RT7
cells (S5 Fig). Interestingly, bLF significantly inhibited p-JAK2 and p-STATS3 levels in HSC3
cells (Fig 6B). To further elucidate the mechanism in which bLF inhibited growth and induced
G1/S cell cycle arrest via STAT3 in HSC3, the proliferation assay showed that bLF did not
insert additive effects on number of cells and expressions of p21 and cyclin D1 of S31-201
treated HSC3 cells (Fig 6C and 6D) indicating bLF involved in the inhibition of growth and
G1/S cell cycle arrest in OSCC cells through STAT3 pathway. However, these inhibitory effects
on JAK2/STAT3 pathway did not observe in RT7 (S5A and S5B Fig). These findings suggested
that bLF could suppress OSCC proliferation via SOCS3 mediated inhibition of JAK2/STAT3
signaling pathway.

Discussion

Recently prevention or treatment of cancer through natural products and dietary interventions
has received an increasing interest. Natural anticancer products are safe and have entered clin-
ical trials [35,36]. Numerous studies about the effects of lactoferrin (LF) using human lactoter-
rin (hLF) and bovine lactoferrin (bLF) on growth of various cancer types were conducted [10,

14, 16- 21, 37]. Moreover, various in vitro and in vivo investigations [13,38] proved that bLF, a
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Fig 5. Bovine lactoferrin inhibited expression of mTOR and S6K pathway thereby suppressed growth in HSC3 cells. HSC3 cells were treated with (1 pg/ml, 10 ug/ml,
and 100 pg/ml) or without bLF. (A) Protein levels of p-mTOR and p-S6K were investigated by western blot after 48 h of stimulations. Expression of phosphorylated
mTOR and S6K was decreased after bLF treatment. (B) To check the combinatorial effect of bLF and the inhibitor of mTOR, rapamycin, HSC3 cells were treated with 10
nM of rapamycin along with 100 pg/ml of bLF. No additive change was observed on p-mTOR and p-S6K expressions as shown by western blot. (C) Number of HSC3
cells was counted on day 1, 2, 4, and 6 with and without rapamycin and bLF. No additional effects on growth of cells in rapamycin and its combination. (D) G1/S cell
cycle related molecules were investigated using western blot after 48 h of stimulations. Either rapamycin (10 nM) or its combination with bLF accumulated p21
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https://doi.org/10.1371/journal.pone.0191683.9005

natural anticancer agent, reduces cancer risks by suppressing tumor growth; and has been
approved by the European Food Safety Authority, Drug Administration (USA), and the Thera-
peutic Goods Administration (Australia) [39,40]. Its multi-functional properties render bLF a
remarkable impact against cancers including OSCC. To elucidate mechanisms of inhibitory
effects of LF on cancer cells, we conducted preliminary investigation using hLF and bLF on
OSCC. Our data showed that bLF strongly reduced the proliferation of OSCC cells than hLF
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treatment checked by RT-PCR and western blot. (B) Protein levels of p-JAK2 and p-STAT3 were examined by western blot. bLF inhibited the activation of JAK/STAT3
pathway in a dose-dependent manner. (C) Number of HSC3 cells were counted under presence or absence of S31-201 (50 uM) and bLF (100 pg/ml). Either S31-201 or
bLF-S31-201 remarkably reduced number of HSC3 cells. On the other hand, no significant suppressive effect of bLF on HSC3 S31-201 treated cells was observed. (D) G1/
S cell cycle related molecules were analyzed by western blot in S31-201 and S31-201-bLF stimulated HSC3 cells. There were no significant differences in expression of p21
and cyclin D1 in HSC3 cells with S3I-201 and its combination groups. GAPDH and B-actin were used as a loading control. Images are representative of 3 independent
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https://doi.org/10.1371/journal.pone.0191683.9006

(S1 Fig). Hence bLF was selected as a candidate for our current study. In addition, our further
results revealed that bLF has anti-proliferative and apoptotic effects on OSCC.

It is well accepted that p53 functions as a mediator to promote cell cycle arrest and apopto-
sis [41]. Recent studies have shown that bLF-mediated induction of p53 promotes cell cycle
arrest in G1/S phase [15] and apoptosis through activation of caspases [13] in different cancers.
Phosphorylation of p53 at serine 392 has particularly been reported to be a common and inte-
gral event, which blocks the degradation of p53 and increases its stability in response to diverse
stimuli [42]. Our results clearly indicated that bLF potentiated phosphorylation of p53 in
HSC3 cells (Fig 2B). Activated p53 induced its downstream protein p21, which functionally
inhibited cyclin D1 activity (Fig 2C), and arresting the cell cycle in G0/G1 phase.
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Recently, mTOR expression has been reported to have a close relationship with poor prog-
nosis in OSCC patients [43]. Thus targeting mTOR poses a beneficial impact on OSCC ther-
apy. To explore the possible mechanisms of bLF activity on the growth inhibition of OSCC, we
investigated mTOR kinase, as it integrates multiple signals and regulates cell survival. Surpris-
ingly, we found that bLF downregulated the expression of p-mTOR and its downstream mole-
cule p-S6K. This result provides a novel and critical role of bLF in inhibition of mTOR
pathway, thereby reducing cell proliferation in OSCC.

STAT signaling has been involved in oncogenesis [44-46]. The sustained accumulation of
STATS3 is correlated with prognosis in OSCC patients [47]. STAT3 inactivation in OSCC
reverses the growth phenotype; therefore, STAT3 is a key molecule for the treatment of OSCC.
SOCS3, a negative regulator of JAK2/STAT3 signaling, masks STAT3 signaling by binding to
JAKSs and promoting their proteasomal degradation through ubiquitination [48-49]. Loss of
SOCS3 expression has been documented in OSCC [50]. In current study, we found that at 48
h, bLF significantly upregulated the expression of SOCS3 in HSC3 cells in a dose-dependent
manner (Fig 6A). This observation suggests a key role of SOCS3-mediated regulation of JAK/
STATS3 signaling in OSCC, similar to previous findings [31,51,52]. Furthermore, SOCS3
reduces cancer growth via direct interaction and subsequent stabilization of p53 resulting in
enhancement of p21 in pleural mesothelioma cells [53]. Binding of SOCS3 with p53 and
JAK2/STATS3 suggests a cross talk among these molecules. Similarly, bLF mediated elevation
of p21 levels in OSCC might be correlated with interaction of SOCS3 and p53. Till date, no
study has been done to determine the bLF-induced interaction of SOCS3 and p53 in OSCC;
therefore, further investigations are needed to elucidate the possible mechanisms.

bLF has been demonstrated to increase apoptosis in various cancers by activating caspases
such as caspase 9, 3, 7, and 8 [9,18,20,37]. However, the mechanism by which bLF induces apo-
ptosis in OSCC is still not well understood. Our data demonstrated that bLF significantly
induced apoptosis in HSC3 cells, as observed by PE Annexin V/ 7-AAD staining (Fig 3A). At
molecular level, we found that increased phosphorylation and stabilization of p53 (Fig 2B),
decreased levels of anti-apoptotic proteins p-Bad and p-Bcl2, and caspase-cascade activation
(Fig 3B) are responsible for bLF-induced apoptosis. Akt pathway is known to contribute in
proliferation and apoptotic signaling effects in different cancers [15-17]. In addition, Akt is
also reported to activate mTOR and NF-«B activation. Increasing evidences indicated that NF-
KB (p65) was highly expressed in OSCC as compared to normal mucosa [54]. In addition, the
activated NF-kB provides a positive feedback to regulate EGFR/Akt/mTOR pathway, thereby
promoting the cell proliferation in cancers such as HNSCC [32]. Based on our observations,
bLF-mediated attenuation of p-p65 and p-Akt in HSC3 cells suppressed phosphorylation of
mTOR and S6K, induced cell cycle arrest in G1/S (Figs 4A, 5A, 5D, 5F and 7), and was
involved in apoptotic modulation of OSCC.

Recently, our group has shown that bLF is endocytosed through lipoprotein receptor-
related protein-1 (LRP1) and bound to endogenous TRAF6 to inhibit TRAF6-dependent acti-
vation of the NF-kB signaling pathway [55]. In this study, the existence and the substantial
level of LRP1 in SCC of the tongue, various examined OSCC cell lines, and bLF treated HSC3
cells (S6A, S6B and S6C Fig) may explain the possible mechanism of suppressive effects of bLF
on NF-kB/Akt signaling and downstream molecules in OSCC (Fig 7). Recently, increasing
number of publications focusing on contributive roles of the CXC chemokine receptor 4
(CXCR4) on growth and cell cycle of OSCC and esophageal carcinoma using PI3/Akt were
reported [56,57]. In addition, CXCR4 was also demonstrated to be one of receptors of bLF
driving for intracellular responses via PI3K/Akt pathway in human keratinocytes HaCaT and
human intestinal cells Caco-2 [58]. According to the relationship and functions of CXCR4 and
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bLF, the study on roles of CXCR4 and its ligand bLF in OSCC cells should be considered for
further studies.

In current study, we found that HSC3 cells constitutively expressed activated Akt and p65
(Fig 4A and S3 Fig). bLF treatment downregulated the levels of p-p65 and p-Akt in HSC3 cells,
eventually leading to cell growth inhibition and induction of apoptosis via modulation of Akt-
related signaling. On the other hand, since RT7 cells have low expression of both p-Akt and p-
p65, therefore, bLF could not exert its inhibitory effects (S3 Fig). Based on our further investi-
gation in molecular levels, under bLF treatment no significant changes in p53, caspase cas-
cades, and related molecules of G1/S cell cycle progression were seen in RT7 cells (S2A and
S2B Fig). In addition, bLF did not also have any inhibitory effects on regulation of mTOR/S6K
pathway, one of an important pathways driving for OSCC cells survival (54 Fig). Nevertheless,
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bLF regulated neither SOCS3 nor its negative mediators JAK2/STAT3 in normal keratinocyte
RT7 cells (S5A and S5B Fig). These observations suggest that inhibitory action of bLF depends
on the status of activated NF-kB, which is reduced by the inhibition of polyubiquitination of
endogenous TRAF6 of OSCC. The reduction of NF-kB signaling may further contribute the
downregulation of Akt as the result of feedback regulation between NF-kB and Akt. As a con-
sequence, bLF selectively suppresses proliferation in OSCC but not in normal mucosal cells.

Among the various properties of bLF, selective inhibition of cell proliferation in OSCC is
an interesting feature. In this study, we showed that bLF imparts various cytological effects to
control HSC3 cell proliferation, while showing a very low detrimental effect on normal oral
mucosal cells (RT7). However, the mechanism by which bLF suppresses growth of OSCC cells
but not normal mucosal cells is still unclear. There are few possibilities to explain this phenom-
enon. First, possibility includes that binding of bLF with cell surface or intracellular receptors
could bring out different functional consequences. Cells may respond differently to bLF based
on its extracellular and/or intracellular localization. Previous reports indicated that a big frac-
tion of bLF stayed outside the cells [59], whereas some reports showed bLF internalization by
cancer cells [60]. Therefore, the possibility of cellular adjustment of OSCC and normal cells
according to bLF-microenvironment cannot be excluded. Depending upon the localization of
bLF, similar stimuli may trigger differential expression of proliferation and apoptosis-related
targets in OSCC and normal cells. Therefore, the observation of extracellular and intracellular
intake of bLF as well as cellular signals might explain the selective effect of bLF on HSC3 cells.
Second, it is still unclear how a big molecule like bLF exerts its effects intracellularly in differ-
ent cell-types. There is a possibility that bLF breaks into small peptides after its internalization
especially in cancer cells. The small peptides of bLF may be responsible for the cellular regula-
tion and inhibitory effects on OSCC cells. Thus, it would be interesting to investigate the possi-
ble phenomenon of bLF-breakdown in OSCC and normal cells. In short, comprehensive study
is needed to explain the specific effects of bLF on OSCC rather than normal mucosa cells both
in terms of G1/S cell cycle arrest and caspase-cascade activation.

Conclusions

In conclusion, bLF regulates cell cycle, cell proliferation, and apoptosis pathways to reduce cel-
lular growth in OSCC and has minimal effects on normal mucosa. To the best of our knowl-
edge, this is the first report showing the effects of bLF on mTOR/S6K pathway inhibition and
negative modulation of JAK2/STATS3 signaling via SOCS3. This study could provide a forward
direction in the field of lactoferrin research and bLF could be considered as a potential mole-
cule in OSCC prevention and/or therapy.

Supporting information

S1 Text. Supplemental methods. Reagents; Patient specimens; Immunohistochemistry.
(DOCX)

S1 Fig. Bovine lactoferrin and human lactoferrin have potential effects on proliferation of
HSC3 cells. HSC3 cells were cultured and treated with and without hLF (1, 10, and 100pg/ml)
and bLF (1, 10, and 100pg/ml). Number of cells was counted in day 1, 2, 4, and 6. (A) bLF sig-
nificantly prohibited the cell proliferation of OSCC in a dose-dependent manner. (B) hLF
slightly suppressed proliferation of HSC3 cells. Data represented as mean + S.D; * p < 0.05 and
** p < 0.01 vs control (0 pg/ml of bLF and hLF).

(TTF)
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S2 Fig. Bovine lactoferrin did not insert any effects on activation of p53, cell cycle-related
proteins, and cells induced apoptosis in RT7 cells. RT7 cells were stimulated with and with-
out bLF (1, 10, and 100 pg/ml) for 48 h. Proteins were harvested and analyzed using western
blot. (A) Expressions of p-p53, p21, and cyclin D1 were investigated. bLF did not show potential
effect on regulation of p-p53 and G1/S cell cycle related molecules. (B) Expressions of apopto-
sis-related proteins were observed by western blotting. bLF neither inhibited the phosphoryla-
tion of BAD and Bcl2 in RT7 cells nor induced expression of cleaved caspase 9. B-actin was used
as a loading control. All western blot experiments were conducted at least 3 times (n = 3).

(TIF)

S3 Fig. Bovine lactoferrin suppressed the expression of p-p65 and p-Akt in HSC3 but not
in RT7. After 24 h of culture, HSC3 and RT?7 cells were treated with bLF for 48 h. Cells were
lysed and protein expression was checked by western blot. Expression of cell proliferation related
proteins, p-Akt and p-p65 were reduced in HSC3 cell line after bLF treatment; however, bLF did
not affect the status of these proteins in normal human oral keratinocyte RT7. B-actin was used
as a loading control. All western blot experiments were performed at least 3 times (n = 3).

(TIF)

S4 Fig. Bovine lactoferrin did not inhibit mTOR/S6K pathway in RT7 cells. After 48 h of
bLF (1, 10, and 100 ug/ml) treatment, RT7 cells were collected and extracted for proteins.
Phosphorylation of mTOR and p-S6K were detected by western blot. bLF did decrease expres-
sions of p-mTOR and p-S6K. B-actin was used as a positive loading. Experiments were
observed at least 3 times (n = 3).

(TIF)

S5 Fig. Bovine lactoferrin did not increase expression of SOCS3 to decrease JAK2/STAT3
activation in RT7 cells. Stimulated RT7 cells under presence and absence of bLF (1, 10, and
100 pg/ml) for 48 h were collected and investigated using western blot. (A) Protein expression
of SOCS3 was analyzed. bLF did not elevated the expression of SOCS3 in normal mucosa cells.
(B) Expression of p-JAK2 and p-STAT3 were observed by western blot. bLF did not inhibit the
activation of JAK/STAT3 pathway in RT7 cells. B-actin was used as a loading control. All
experiments were conducted at least 3 times (n = 3).

(TIF)

S6 Fig. Expression of LRP1 in clinicopathology and expression of LRP1 in HSC3 cells was
observed. (A) Expression of LRP1 in OSCC cell lines was checked using RT-PCR and western
blot. All examined OSCC cell expressed LRP1. (B) LRP1 expression of 48h bLF (1, 10, and

100 pg/ml) treated HSC3 cells was analyzed using by western blot. bLF did not decrease the
expression of LRP1 in HSC3. (C) Tongue SCC cases were sectioned and stained with anti-
LRP1. LRP1 was positively stained in SCC tissue. B-actin was used as a loading control. All
experiments were conducted at least 3 times (n = 3).

(TIF)

Acknowledgments

We thank Atsushi Ishikado and Hiromichi Imanaka, at R&D Department, Sunstar Inc.,
Osaka, Japan, for bovine lactoferrin support.

Author Contributions

Conceptualization: Chanbora Chea, Mutsumi Miyauchi, Toshihiro Inubushi, Kouji Ohta,
Takashi Takata.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191683 January 30, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191683.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191683.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191683.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191683.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191683.s007
https://doi.org/10.1371/journal.pone.0191683

@° PLOS | ONE

Bovine lactoferrin inhibits growth of oral squamous cell carcinoma

Data curation: Chanbora Chea, Kouji Ohta.
Formal analysis: Phuong Thao Nguyen.
Funding acquisition: Takashi Takata.

Investigation: Chanbora Chea, Toshihiro Inubushi, Nurina Febriyanti Ayuningtyas, Ajira-
vudh Subarnbhesaj, Phuong Thao Nguyen, Madhu Shrestha, Sivmeng Haing, Kouji Ohta.

Methodology: Mutsumi Miyauchi, Toshihiro Inubushi, Takashi Takata.
Project administration: Takashi Takata.

Resources: Kouji Ohta.

Supervision: Mutsumi Miyauchi.

Validation: Chanbora Chea, Toshihiro Inubushi, Nurina Febriyanti Ayuningtyas, Ajiravudh
Subarnbhesaj, Phuong Thao Nguyen, Madhu Shrestha, Sivmeng Haing, Kouji Ohta, Taka-
shi Takata.

Visualization: Chanbora Chea.

Writing - original draft: Chanbora Chea, Nurina Febriyanti Ayuningtyas, Ajiravudh Sub-
arnbhesaj, Phuong Thao Nguyen, Madhu Shrestha, Sivmeng Haing, Kouji Ohta.

Writing - review & editing: Chanbora Chea, Mutsumi Miyauchi, Toshihiro Inubushi, Nurina
Febriyanti Ayuningtyas, Ajiravudh Subarnbhesaj, Phuong Thao Nguyen, Madhu Shrestha,
Sivmeng Haing, Kouji Ohta, Takashi Takata.

References

1. Metz-Boutigue MH, Jolles J, Mazurier J, Schoentgen F, Legrand D, Spik G, et al. Human lactotransfer-
rin: amino acid sequence and structural comparisons with other transferrins. Eur J Biochem. 1984; 145:
659-76. PMID: 6510420

2. Montreuil J, Tonnelat J, Mullet S. [Preparation and properties of lactosiderophilin (lactotransferrin) of
human milk]. Biochim Biophys Acta. 1960; 18: 413-21.

3. Baker EN, Baker HM. Molecular structure, binding properties and dynamics of lactoferrin. Cell Mol Life
Sci. 2005; 62: 2531-9. https://doi.org/10.1007/s00018-005-5368-9 PMID: 16261257

4. Guillen C, Mclnnes IB, Vaughan D, Speekenbrink AB, Brock JH. The effects of local administration of
lactoferrin on inflammation in murine autoimmune and infectious arthritis. Arthritis Rheum. 2000; 43:
2073-80. https://doi.org/10.1002/1529-0131(200009)43:9<2073::AID-ANR19>3.0.CO;2-U PMID:
11014359

5. Strate van der BW, Beljaars L, Molema G, Harmsen MC, Meijer DK. Antiviral activities of lactoferrin.
Antiviral Res. 2001; 52(3):225-39. PMID: 11675140

6. Bellamy W, Takase M, Yamauchi K, Wakabayashi H, Kawase K, Tomita M. Identification of the bacteri-
cidal domain of lactoferrin. Biochim Biophys Acta. 1992; 1121: 130—6. PMID: 1599934

7. Shaheduzzaman S, Vishwanath A, Furusato B, Cullen J, Chen Y, Bafiez L, et al. Silencing of Lacto-
transferrin expression by methylation in prostate cancer progression. Cancer Biol Ther. 2007; 6: 1088—
95. PMID: 17568188

8. Hiratal, Hoshimoto M, Saito O, Kayazawa M, Nishikawa T, Murano M, et al. Usefulness of fecal lacto-
ferrin and hemoglobin in diagnosis of colorectal diseases. World J Gastroenterol. 2007; 13: 1569-74.
https://doi.org/10.3748/wjg.v13.i10.1569 PMID: 17461450

9. Duarte DC, Nicolau A, Teixeira JA, Rodrigues LR. The effect of bovine milk lactoferrin on human breast
cancer cell lines. J Dairy Sci. 2011; 94: 66-76. https://doi.org/10.3168/jds.2010-3629 PMID: 21183018

10. WolfJS, Li G, Varadhachary A, Petrak K, Schneyer M, Li D, Ongkasuwan J, et al. Oral lactoferrin results
in T cell-dependent tumor inhibition of head and neck squamous cell carcinoma in vivo. Clin Cancer
Res. 2007; 13: 1601-10. https://doi.org/10.1158/1078-0432.CCR-06-2008 PMID: 17332307

PLOS ONE | https://doi.org/10.1371/journal.pone.0191683 January 30, 2018 16/19


http://www.ncbi.nlm.nih.gov/pubmed/6510420
https://doi.org/10.1007/s00018-005-5368-9
http://www.ncbi.nlm.nih.gov/pubmed/16261257
https://doi.org/10.1002/1529-0131(200009)43:9<2073::AID-ANR19>3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/11014359
http://www.ncbi.nlm.nih.gov/pubmed/11675140
http://www.ncbi.nlm.nih.gov/pubmed/1599934
http://www.ncbi.nlm.nih.gov/pubmed/17568188
https://doi.org/10.3748/wjg.v13.i10.1569
http://www.ncbi.nlm.nih.gov/pubmed/17461450
https://doi.org/10.3168/jds.2010-3629
http://www.ncbi.nlm.nih.gov/pubmed/21183018
https://doi.org/10.1158/1078-0432.CCR-06-2008
http://www.ncbi.nlm.nih.gov/pubmed/17332307
https://doi.org/10.1371/journal.pone.0191683

@° PLOS | ONE

Bovine lactoferrin inhibits growth of oral squamous cell carcinoma

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

Tomita M, Wakabayashi H, Yamauchi K, Teraguchi S, Hayasawa H. Bovine lactoferrin and lactoferricin
derived from milk: production and applications. Biochem Cell Biol. 2002; 80: 109—112. PMID: 11908633

Rodrigues L, Teixeira J, Schmitt F, Paulsson M, Mansson HL. Lactoferrin and cancer disease preven-
tion. Crit Rev Food Sci Nutr. 2009; 49: 203—217. https://doi.org/10.1080/10408390701856157 PMID:
19093266

Tsuda H, Kozu T, linuma G, Ohashi Y, Saito Y, Saito D, et al. Cancer prevention by bovine lactoferrin:
from animal studies to human trial. Biometals. 2010; 23: 399-409. https://doi.org/10.1007/s10534-010-
9331-3 PMID: 20407806

Damiens E, El Yazidi |, Mazurier J, Duthille |, Spik G, Boilly-Marer Y. Lactoferrin inhibits G1 cyclin-
dependent kinases during growth arrest of human breast carcinoma cells. J Cell Biochem. 1999; 74:
486-98. PMID: 10412049

Xiao Y, Monitto CL, Minhas KM, Sidransky D. Lactoferrin down-regulates G1 cyclin-dependent kinases
during growth arrest of head and neck cancer cells. Clin Cancer Res. 2004; 15: 8683—6.

Zhou Y, Zeng Z, Zhang W, Xiong W, Wu M, Tan Y, et al. Lactotransferrin: a candidate tumor suppres-
sor-Deficient expression in human nasopharyngeal carcinoma and inhibition of NPC cell proliferation by
modulating the mitogen-activated protein kinase pathway. Int J Cancer. 2008; 123: 2065-72. https:/
doi.org/10.1002/ijc.23727 PMID: 18697201

Xu XX, Jiang HR, Li HB, Zhang TN, Zhou Q, Liu N. Apoptosis of stomach cancer cell SGC-7901 and
regulation of Akt signaling way induced by bovine lactoferrin. J Dairy Sci. 2010; 93: 2344—50. https://doi.
org/10.3168/jds.2009-2926 PMID: 20494139

Furlong SJ, Mader JS, Hoskin DW. Lactoferricin-induced apoptosis in estrogen-nonresponsive MDA-
MB-435 breast cancer cells is enhanced by C6 ceramide or tamoxifen. Oncol Rep. 2006; 15: 1385—90.
PMID: 16596215

Roy MK, Kuwabara Y, Hara K, Watanabe Y, Tamai Y. Peptides from the N-terminal end of bovine lacto-
ferrin induce apoptosis in human leukemic (HL-60) cells. J Dairy Sci. 2002; 85: 2065—74. https://doi.org/
10.3168/jds.S0022-0302(02)74284-7 PMID: 12362437

Mader JS, Salsman J, Conrad DM, Hoskin DW. Bovine lactoferricin selectively induces apoptosis in
human leukemia and carcinoma cell lines. Mol Cancer Ther. 2005; 4: 612—24. https://doi.org/10.1158/
1535-7163.MCT-04-0077 PMID: 15827335

Onishi J, Roy MK, Juneja LR, Watanabe Y, Tamai Y. A lactoferrin-derived peptide with cationic residues
concentrated in a region of its helical structure induces necrotic cell death in a leukemic cell line (HL-
60). J Pept Sci. 2008; 14: 1032-8. https://doi.org/10.1002/psc.1039 PMID: 18425992

Dancey JE. Therapeutic targets: mTOR and related pathways. Cancer Biol. 2006; 5: 1065-73.

Boulay A, Zumstein-Mecker S, Stephan C, Beuvink |, Zilbermann F, Haller R, et al. Antitumor efficacy of
intermittent treatment schedules with the rapamycin derivative RADOO1 correlates with prolonged inac-
tivation of ribosomal protein S6 kinase 1 in peripheral blood mononuclear cells. Cancer Res. 2004; 64:
252—-61. PMID: 14729632

Sparks CA, Guertin DA. Targeting mTOR: prospects for mTOR complex 2 inhibitors in cancer therapy.
Oncogene. 2010; 29: 3733—44. https://doi.org/10.1038/onc.2010.139 PMID: 20418915

Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ, et al. A family of cytokine-inducible
inhibitors of signalling. Nature. 1997; 387: 917-21. https://doi.org/10.1038/43206 PMID: 9202125

Yasukawa H, Sasaki A, Yoshimura A. Negative regulation of cytokine signaling pathways. Annu Rev
Immunol. 2000; 18: 143—-64. https://doi.org/10.1146/annurev.immunol.18.1.143 PMID: 10837055

Croker BA, Kiu H, Nicholson SE. SOCS regulation of the JAK/STAT signaling pathway. Semin Cell Dev
Biol. 2008; 19: 414-22. https://doi.org/10.1016/j.semcdb.2008.07.010 PMID: 18708154

He B, You L, Uematsu K, Zang K, Xu Z, Lee AY, et al. SOCS-3 is frequently silenced by hypermethyla-
tion and suppresses cell growth in human lung cancer. Proc Natl Acad Sci U S A. 2003; 100: 14133-8.
https://doi.org/10.1073/pnas.2232790100 PMID: 14617776

Lai PB, Chi TY, Chen GG. Different levels of p53 induced either apoptosis or cell cycle arrest in a doxy-
cycline-regulated hepatocellular carcinoma cell line in vitro. Apoptosis. 2007; 12: 387-93. https://doi.
0rg/10.1007/s10495-006-0571-1 PMID: 17191126

Worster DT, Schmelzle T, Solimini NL, Lightcap ES, Millard B, Mills GB, Brugge JS, Albeck JG, et al.
Akt and ERK control the proliferative response of mammary epithelial cells to the growth factors IGF-1
and EGF through the cell cycle inhibitor p57Kip2. Sci Signal. 2012; 5 (214): ra19. https://doi.org/10.
1126/scisignal.2001986 PMID: 22394561

Roy SK, Srivastava RK, Shankar S. Inhibition of PISBK/AKT and MAPK/ERK pathways causes activation
of FOXO transcription factor, leading to cell cycle arrest and apoptosis in pancreatic cancer. J Mol Sig-
nal. 2010; 19: 5-10.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191683 January 30, 2018 17/19


http://www.ncbi.nlm.nih.gov/pubmed/11908633
https://doi.org/10.1080/10408390701856157
http://www.ncbi.nlm.nih.gov/pubmed/19093266
https://doi.org/10.1007/s10534-010-9331-3
https://doi.org/10.1007/s10534-010-9331-3
http://www.ncbi.nlm.nih.gov/pubmed/20407806
http://www.ncbi.nlm.nih.gov/pubmed/10412049
https://doi.org/10.1002/ijc.23727
https://doi.org/10.1002/ijc.23727
http://www.ncbi.nlm.nih.gov/pubmed/18697201
https://doi.org/10.3168/jds.2009-2926
https://doi.org/10.3168/jds.2009-2926
http://www.ncbi.nlm.nih.gov/pubmed/20494139
http://www.ncbi.nlm.nih.gov/pubmed/16596215
https://doi.org/10.3168/jds.S0022-0302(02)74284-7
https://doi.org/10.3168/jds.S0022-0302(02)74284-7
http://www.ncbi.nlm.nih.gov/pubmed/12362437
https://doi.org/10.1158/1535-7163.MCT-04-0077
https://doi.org/10.1158/1535-7163.MCT-04-0077
http://www.ncbi.nlm.nih.gov/pubmed/15827335
https://doi.org/10.1002/psc.1039
http://www.ncbi.nlm.nih.gov/pubmed/18425992
http://www.ncbi.nlm.nih.gov/pubmed/14729632
https://doi.org/10.1038/onc.2010.139
http://www.ncbi.nlm.nih.gov/pubmed/20418915
https://doi.org/10.1038/43206
http://www.ncbi.nlm.nih.gov/pubmed/9202125
https://doi.org/10.1146/annurev.immunol.18.1.143
http://www.ncbi.nlm.nih.gov/pubmed/10837055
https://doi.org/10.1016/j.semcdb.2008.07.010
http://www.ncbi.nlm.nih.gov/pubmed/18708154
https://doi.org/10.1073/pnas.2232790100
http://www.ncbi.nlm.nih.gov/pubmed/14617776
https://doi.org/10.1007/s10495-006-0571-1
https://doi.org/10.1007/s10495-006-0571-1
http://www.ncbi.nlm.nih.gov/pubmed/17191126
https://doi.org/10.1126/scisignal.2001986
https://doi.org/10.1126/scisignal.2001986
http://www.ncbi.nlm.nih.gov/pubmed/22394561
https://doi.org/10.1371/journal.pone.0191683

@° PLOS | ONE

Bovine lactoferrin inhibits growth of oral squamous cell carcinoma

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

LiZ, Yang Z, Passaniti A, Lapidus RG, Liu X, Cullen KJ, Dan HC. A positive feedback loop involving
EGFR/Akt/mTORC1 and IKK/NF-kB regulates head and neck squamous cell carcinoma proliferation.
Oncotarget. 2016; 7: 31892-906. https://doi.org/10.18632/oncotarget.7441 PMID: 26895469

Naruse T, Yanamoto S, Yamada S, Rokutanda S, Kawakita A, Kawasaki G, et al. Anti-tumor effect of
the mammalian target of rapamycin inhibitor everolimus in oral squamous cell carcinoma. Pathol Oncol
Res. 2015; 21: 765-73. https://doi.org/10.1007/s12253-014-9888-1 PMID: 25682238

PengHY, Cheng YC, Hsu YM, Wu GH, Kuo CC, Liou JP, et al. MPT0OB098, a Microtubule Inhibitor, Sup-
presses JAK2/STAT3 Signaling Pathway through Modulation of SOCSS3 Stability in Oral Squamous
Cell Carcinoma. PLoS One. 2016; 11: e0158440. https://doi.org/10.1371/journal.pone.0158440 PMID:
27367272

Kunnumakkara AB, Anand P, Aggarwal BB. Curcumin inhibits proliferation, invasion, angiogenesis and
metastasis of different cancers through interaction with multiple cell signaling proteins. Cancer Lett.
2008; 269: 199-225. https://doi.org/10.1016/j.canlet.2008.03.009 PMID: 18479807

Vinothkumar S, Parameswaran PS. Recent advances in marine drug research. Biotechnol Adv. 2013;
31: 1826—45. https://doi.org/10.1016/j.biotechadv.2013.02.006 PMID: 23500952

Sakai T, Banno Y, Kato Y, Nozawa Y, Kawaguchi M. Pepsin-digested bovine lactoferrin induces apo-
ptotic cell death with JNK/SAPK activation in oral cancer cells. J Pharmacol Sci. 2005; 98: 41-48.
PMID: 15879678

Ebrahim F, Shankaranarayanan JS, Kanwar JR, Gurudevan S, Krishnan UM, Kanwar RK, et al. Identifi-
cation of unprecedented anticancer properties of high molecular weight biomacromolecular complex
containing bovine lactoferrin (HMW-bLf). PLoS One. 2014; 9: e106568. https://doi.org/10.1371/journal.
pone.0106568 PMID: 25222273

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific opinion on bovine lactoferrin.
EFSA Journal. 2012; 10: 2701-27.

Agency Response Letter GRAS Notice No. GRN 000077. U.S. Food and Drug Administration. FDA.
2001. Available from: http://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/Noticelnventory/
ucm154188.htm

Li T, Kon N, Jiang L, Tan M, Ludwig T, Zhao Y, et al. Tumor suppression in the absence of p53-medi-
ated cell-cycle arrest, apoptosis, and senescence. Cell; 149: 1269-83. https://doi.org/10.1016/j.cell.
2012.04.026 PMID: 22682249

Cox ML, Meek DW. Phosphorylation of serine 392 in p53 is a common and integral event during p53
induction by diverse stimuli. Cell Signal. 2010; 22: 564—71. https://doi.org/10.1016/j.cellsig.2009.11.014
PMID: 19932175

Hirashima K, Baba Y, Watanabe M, Karashima R, Sato N, Imamura Y, et al. Phosphorylated mTOR
expression is associated with poor prognosis for patients with esophageal squamous cell carcinoma.
Ann Surg Oncol. 2010; 17: 2486—93. https://doi.org/10.1245/s10434-010-1040-1 PMID: 20339946

Song JI, Grandis JR. STAT signaling in head and neck cancer. Oncogene. 2000; 19: 2489-2495.
https://doi.org/10.1038/sj.onc.1203483 PMID: 10851047

Kijima T, Niwa H, Steinman RA, Drenning SD, Gooding WE, Wentzel AL, et al. STAT3 activation abro-
gates growth factor dependence and contributes to head and neck squamous cell carcinoma tumor
growth in vivo. Cell Growth Differ. 2002; 13: 355—-62. PMID: 12193474

Grandis JR, Drenning SD, Zeng Q, Watkins SC, Melhem MF, Endo S, et al. Constitutive activation of
Stat3 signaling abrogates apoptosis in squamous cell carcinogenesis in vivo. Proc Natl Acad Sci U S A.
2000; 97: 4227-32. PMID: 10760290

Zhao'Y, Zhang J, Xia H, Zhang B, Jiang T, Wang J, et al. Stat3 is involved in the motility, metastasis and
prognosis in lingual squamous cell carcinoma. Cell Biochem Funct. 2012; 30: 340-6. https://doi.org/10.
1002/cbf.2810 PMID: 22302289

Siavash H, Nikitakis NG, Sauk JJ. Signal transducers and activators of transcription: insights into the
molecular basis of oral cancer. Crit Rev Oral Biol Med. 2004; 15: 298—-307. PMID: 15470267

Tamiya T, Kashiwagi |, Takahashi R, Yasukawa H, Yoshimura A. Suppressors of cytokine signaling
(SOCS) proteins and JAK/STAT pathways: regulation of T-cell inflammation by SOCS1 and SOCS3.
Arteriosclerosis, thrombosis, and vascular biology. 2011; 31: 980-5. https://doi.org/10.1161/ATVBAHA.
110.207464 PMID: 21508344

Weber A, Hengge UR, Bardenheuer W, Tischoff I, Sommerer F, Markwarth A, et al. SOCS-3 is fre-
quently methylated in head and neck squamous cell carcinoma and its precursor lesions and causes
growth inhibition. Oncogene. 2005; 24: 6699-708. https://doi.org/10.1038/sj.onc.1208818 PMID:
16007169

PLOS ONE | https://doi.org/10.1371/journal.pone.0191683 January 30, 2018 18/19


https://doi.org/10.18632/oncotarget.7441
http://www.ncbi.nlm.nih.gov/pubmed/26895469
https://doi.org/10.1007/s12253-014-9888-1
http://www.ncbi.nlm.nih.gov/pubmed/25682238
https://doi.org/10.1371/journal.pone.0158440
http://www.ncbi.nlm.nih.gov/pubmed/27367272
https://doi.org/10.1016/j.canlet.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18479807
https://doi.org/10.1016/j.biotechadv.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23500952
http://www.ncbi.nlm.nih.gov/pubmed/15879678
https://doi.org/10.1371/journal.pone.0106568
https://doi.org/10.1371/journal.pone.0106568
http://www.ncbi.nlm.nih.gov/pubmed/25222273
http://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/NoticeInventory/ucm154188.htm
http://www.fda.gov/Food/IngredientsPackagingLabeling/GRAS/NoticeInventory/ucm154188.htm
https://doi.org/10.1016/j.cell.2012.04.026
https://doi.org/10.1016/j.cell.2012.04.026
http://www.ncbi.nlm.nih.gov/pubmed/22682249
https://doi.org/10.1016/j.cellsig.2009.11.014
http://www.ncbi.nlm.nih.gov/pubmed/19932175
https://doi.org/10.1245/s10434-010-1040-1
http://www.ncbi.nlm.nih.gov/pubmed/20339946
https://doi.org/10.1038/sj.onc.1203483
http://www.ncbi.nlm.nih.gov/pubmed/10851047
http://www.ncbi.nlm.nih.gov/pubmed/12193474
http://www.ncbi.nlm.nih.gov/pubmed/10760290
https://doi.org/10.1002/cbf.2810
https://doi.org/10.1002/cbf.2810
http://www.ncbi.nlm.nih.gov/pubmed/22302289
http://www.ncbi.nlm.nih.gov/pubmed/15470267
https://doi.org/10.1161/ATVBAHA.110.207464
https://doi.org/10.1161/ATVBAHA.110.207464
http://www.ncbi.nlm.nih.gov/pubmed/21508344
https://doi.org/10.1038/sj.onc.1208818
http://www.ncbi.nlm.nih.gov/pubmed/16007169
https://doi.org/10.1371/journal.pone.0191683

@° PLOS | ONE

Bovine lactoferrin inhibits growth of oral squamous cell carcinoma

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Diao Y, Wang X, Wu Z. SOCS1, SOCS3, and PIAS1 promote myogenic differentiation by inhibiting the
leukemia inhibitory factor-induced JAK1/STAT1/STATS3 pathway. Mol Cell Biol. 2009; 29: 5084-5093.
https://doi.org/10.1128/MCB.00267-09 PMID: 19620279

Trengove MC, Ward A. C. SOCS proteins in development and disease. Am J Clin Exp Immunol. 2013;
2:1-29. PMID: 23885323

Iwahori K, Serada S, Fujimoto M, Nomura S, Osaki T, Lee CM, et al. Overexpression of SOCS3 exhibits
preclinical antitumor activity against malignant pleural mesothelioma. Int J Cancer. 2011; 129: 1005—
17. https://doi.org/10.1002/ijc.25716 PMID: 20949562

Ikebe T, Yamasaki K, Takamune Y, Nakayama H, Shinohara M. Reduced expression of nuclear factor-
KB in oral mucosa undergoing preoperative chemoradiotherapy. Oral Science International. 2012; 9:
33-37.

Inubushi T, Kawazoe A, Miyauchi M, Kudo Y, Ao M, Ishikado A, et al. Molecular mechanisms of the
inhibitory effects of bovine lactoferrin on lipopolysaccharide-mediated osteoclastogenesis. J Biol Chem.
2012; 287: 23527-36. https://doi.org/10.1074/jbc.M111.324673 PMID: 22593578

YuT, LiuK, WuY, FanJ, Chen J, Li C, Yang Q, Wang Z, et al. MicroRNA-9 inhibits the proliferation of
oral squamous cell carcinoma cells by suppressing expression of CXCR4 via the Wnt/B-catenin signal-
ing pathway. Oncogene. 2014; 33(42):5017-27. https://doi.org/10.1038/onc.2013.448 PMID:
24141785

Lin ML, Lu YC, Chen HY, Lee CC, Chung JG, Chen SS. Suppressing the formation of lipid raft-associ-
ated Rac1/PI3K/Akt signaling complexes by curcumin inhibits SDF-1a-induced invasion of human
esophageal carcinoma cells. Mol Carcinog. 2014; 53(5):360-79. https://doi.org/10.1002/mc.21984
PMID: 23192861

Takayama Y, Aoki R, Uchida R, Tajima A, Aoki-Yoshida A, et al. Role of CXC chemokine receptor type
4 as a lactoferrin receptor. Biochem Cell Biol. 2017; 95(1):57-63. https://doi.org/10.1139/bcb-2016-
0039 PMID: 28075616

Gibbons JA, Kanwar JR, Kanwar RK. Iron-free and iron-saturated bovine lactoferrin inhibit survivin
expression and differentially modulate apoptosis in breast cancer. BMC Cancer. 2015;22: 15:425.
https://doi.org/10.1186/s12885-015-1441-4 PMID: 25998617

Jiang R, Lopez V, Kelleher SL, Lénnerdal B. Apo- and holo-lactoferrin are both internalized by lactofer-
rin receptor via clathrin-mediated endocytosis but differentially affect ERK-signaling and cell prolifera-
tion in Caco-2 cells. J Cell Physiol. 2011; 226: 3022-31. https://doi.org/10.1002/jcp.22650 PMID:
21935933

PLOS ONE | https://doi.org/10.1371/journal.pone.0191683 January 30, 2018 19/19


https://doi.org/10.1128/MCB.00267-09
http://www.ncbi.nlm.nih.gov/pubmed/19620279
http://www.ncbi.nlm.nih.gov/pubmed/23885323
https://doi.org/10.1002/ijc.25716
http://www.ncbi.nlm.nih.gov/pubmed/20949562
https://doi.org/10.1074/jbc.M111.324673
http://www.ncbi.nlm.nih.gov/pubmed/22593578
https://doi.org/10.1038/onc.2013.448
http://www.ncbi.nlm.nih.gov/pubmed/24141785
https://doi.org/10.1002/mc.21984
http://www.ncbi.nlm.nih.gov/pubmed/23192861
https://doi.org/10.1139/bcb-2016-0039
https://doi.org/10.1139/bcb-2016-0039
http://www.ncbi.nlm.nih.gov/pubmed/28075616
https://doi.org/10.1186/s12885-015-1441-4
http://www.ncbi.nlm.nih.gov/pubmed/25998617
https://doi.org/10.1002/jcp.22650
http://www.ncbi.nlm.nih.gov/pubmed/21935933
https://doi.org/10.1371/journal.pone.0191683

