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Lactoferrin targeting INTL1
receptor inhibits hepatocellular
carcinoma progression via
apoptosis and cell cycle signaling
pathways
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Hepatocellular carcinoma (HCC) constitutes 90% of liver cancer cases and ranks as the third leading
cause of cancer-related mortality, necessitating urgent development of alternative therapies.
Lactoferrin (LF), a natural iron-binding glycoprotein with reported anticancer effects, is investigated
for its potential in liver cancer treatment, an area with limited existing studies. This study focuses on
evaluating LF’s anti-liver cancer effects on HCC cells and assessing the preventive efficacy of oral LF
administration in a murine model. Data showed that LF exerted anti-proliferative effects on HepG2,
Hep3B, and SK-Hep1 cells while having no cytotoxicity on healthy liver cells (FL83B). Mechanistically,
LF induces mitochondrial-mediated apoptosis and GO/G1 cell cycle arrest in HepG2 cells, associated
with increased phosphorylation of p38 MAPK and JNK for apoptosis, and ERK phosphorylation for cell
cycle arrest. Intelectin-1 (INTL1) is identified as the receptor facilitating LF endocytosis in HepGz2 cells,
and downregulation of INTL1 inhibits LF-induced signaling pathways. Notably, oral LF administration
prevents HCC development in nude mice with orthotopic HepG2 cell injection. This study unveils the
mechanistic basis of LF action in HepG2 cells, showcasing its potential in HCC prevention. Importantly,
we report the novel identification of INTL1 as the LF receptor in HepGz2 cells, providing valuable
insights for future exploration of LF and its derivatives in liver cancer therapy.
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Liver cancer remains a major health problem due to its increasing incidence, and hepatocellular carcinoma
(HCC) accounts for approximately 90% of liver cancer cases and is listed as the third leading cause of cancer-
related deaths’. Although substantial progress has been made in the study of HCC treatments, only approximately
20% of patients obtain access to them, and mortality rates are still high in many countries®. Epidemiological
studies have shown that alcohol consumption, nonalcoholic fatty liver disease (NAFLD), and chronic hepatitis B
virus (HBV), HCV, and human immunodeficiency virus (HIV) infections are important risk factors for fibrosis
and HCC?. In the early stages, hepatectomy and local therapy are important treatment modalities, and HCC
patients treated with these methods have a survival rate of over 50%. In the advanced stages of the disease, no
effective treatment exists, and patients have a very poor prognosis?. Currently, chemotherapy is one of the most
commonly used methods of cancer treatment. However, this method may have various side effects due to patient
resistance that substantially affect quality of life’.
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Lactoferrin (LF) is a natural iron-binding glycoprotein (approximately 80 kD) that is largely secreted from
the mammary gland tissues during an animal’s lactating period, and nearly 5 g/L of LF is present in colostrum®.
LF is also secreted in mucosal fluids, such as saliva, tears, bile, pancreatic juice, gastric juice, bronchial, and
uterine secretions, and is also released from the secondary granules of neutrophils during inflammation”®. In
addition to acting as an iron-binding protein to regulate iron homeostasis and hematopoiesis, LF and LF-derived
peptides also function as mediators linking innate and adaptive immune responses to exert antimicrobial, anti-
inflammatory, anticancer, and neuroprotective effects, as well as promote bone health and wound healing’~.
In the liver tissue of mice, LF is taken up by endothelial and Kupffer cells'?, and oral administration of LF has
been shown to exert liver protection by alleviating chemical-!!"!3 and ethanol-induced liver injuries in mice'*'°.
Clinically, LF exerts anti-HCV effects in patients with chronic hepatitis'®!”. Furthermore, the anticancer effects
of LF have been extensively investigated in different human cancer cells, but related studies on the application of
LF to treat HCC and the underlying molecular mechanisms remain limited. HepG2 is a human liver cancer cell
line that is commonly used in studies of drug metabolism and hepatotoxicity. In this study, we aimed to assess
the anti-liver cancer effects of bovine LF using a HepG2 cell model and a nude mouse xenograft model and to
explore the membrane receptor for LF and the underlying signal transduction.

Results

LF exerts cytotoxic effects on human liver cancer cells

To assess the specific cytotoxic effects of LF on liver cancer cells, HepG2, Hep3B, and SK-Hep1 cells were tested,
and the results were compared to those of the healthy mouse liver cell line FL83B (Fig. 1 and Supplementary Fig.
S1). The LF treatments caused considerable inhibition of HepG2 cell proliferation but not healthy mouse FL83B
liver cell proliferation (Fig. 1A). Moreover, LF also caused similar inhibitory effects on Hep3B and SK-Hep1 cell
proliferation (Supplementary Fig. S1A). The LF-induced cytotoxic effects displayed a dose-dependent trend in
these cancer cells, especially at concentrations of 5 and 10 mg/ml, which completely inhibited the proliferation
of HepG2 and Hep3B cells (Fig. 1B and Supplementary Fig. S1B). Our results demonstrated that lactoferrin had
no significant impact on normal liver cells, even at high doses such as 5 mg/ml and 10 mg/ml, while these doses
effectively inhibited cell viability and growth in HCC cell lines (HepG2, Hep3B, and SK-Hep1). According to the
European Food Safety Authority (EFSA), estimated daily intakes can reach up to 3.4 g for adults, with fortified
products and energy bars containing as much as 4,000 mg/100 g'®. Accordingly, the half maximal inhibitory
concentration (IC) of LF for HepG2 cells was estimated at 5 mg/ml. Moreover, the LF treatments significantly
inhibited the growth of HepG2 and Hep3B cell colonies after an extended incubation time, both in terms of
colony size and number (Fig. 1C and Supplementary Fig. S1C).

LF promotes apoptosis in HepG2 cells

To further examine the LF-induced cytotoxic effects on HepG2 cells, a general apoptosis assay using Annexin
V-FITC and PI labeling was performed (Fig. 2). In contrast to the DPBS-treated HepG2 cells, the LF treatments
significantly increased HepG2 cell apoptosis, with over 20% apoptotic cells at 10 mg/ml of LF (Fig. 2A, B). The
LF-induced necrosis remained at a relatively lower level (~3%) and was independent of LF concentrations.
The intrinsic pathway of cell apoptosis is known to involve the breakdown of mitochondria and the release of
proteins (e.g., cytochrome C) from the intermembrane space of mitochondria. To further examine the impact
of LF treatment on the mitochondrial functionality of HepG2 cells, a TMRE-labeled mitochondrial membrane
potential assay was performed. As indicated, functional mitochondria in live DPBS-treated HepG2 cells were
labeled with red fluorescent TMRE dye; however, the fluorescent intensities decreased remarkably in LF-treated
HepG2 cells in both dose- and time-dependent manners, with an approximately 40% decrease in the numbers of
TMRE-labeled HepG2 cells when 5 and 10 mg/ml of LF were added (Fig. 2C-E). The results of Western blotting
demonstrated that LF treatments decreased Bcl-2 protein levels while having no effect on Bax protein levels,
leading to a substantially decreased intracellular Bcl-2/Bax ratio (Fig. 2F). Furthermore, the phosphorylation
of the c-Jun protein and the release of cytochrome C were enhanced by LF treatment (Fig. 2F). Moreover, the
cleavage of caspase 3 and poly (ADP-ribose) polymerase 1 (PARP1) proteins was also increased in the presence
of LF (Fig. 2F). The changes in these apoptosis-associated marker proteins corresponded to the increase in LF-
induced cell apoptosis and apoptosis-mediated mitochondrial damage in HepG2 cells.

LF induces apoptosis through p38 MAPK and JNK activation

MAPK pathways in the cell are known to direct extracellular stimuli from a receptor to the DNA in the nucleus
to trigger the transcription of responsive genes!'®. Therefore, we first examined the effects of LF treatments on
the expression of three classical MAPK pathways, including p38 MAPK, c-Jun N-terminal kinase (JNK), and
extracellular signal-regulated kinases 1 and 2 (ERK1/2). Notably, the phosphorylation of p38 MAPK, JNK, and
ERK was strongly activated by LE, showing a dose- and time-dependent trend (Fig. 3A, B). Moreover, LF was
shown to be recognized in the protein lysates of HepG2 cells (Fig. 3A). Because p38 MAPK and JNK signal
activation have been shown to induce apoptosis in a variety of cancer cells in response to chemotherapeutic
agents'®, we further examined the effects of LF on HepG2 cells by pretreating cells with either 10 uM SB203580
(a p38 inhibitor) or 15 pM SP600125 (a JNK inhibitor) for 3 h, followed by 5 mg/ml LF treatment for 48 h
(Fig. 3C-G). In this experiment, HepG2 cells showed approximately 72% and 66% viability after LF treatment
in the presence of SB203580 and SP600125, respectively, compared to 57% viability in the absence of any
inhibitors, demonstrating that neither SB203580 nor SP600125 can completely block the inhibitory effects
of LF on HepG2 growth (Fig. 3C, D). However, the combination of SB203580 and SP600125 did not exhibit
additive effects on HepG2 viability as predicted, which may be due to nonspecific cell death in the presence of a
high inhibitor concentration. Consistently, the results of flow cytometry demonstrated that both SB203580 and
SP600125 partially inhibited apoptosis in LF-treated HepG2 cells, but no additive effects were observed from
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Fig. 1. Effects of LF on the proliferation of human liver cancer cells. (A) Representative images of HepG2
and FL83B cells after 48 h of incubation with either LF (1, 2.5, 5, and 10 mg/ml) or DPBS (control). (B) Cell
viability and proliferation profiles. The cell viability (48 h) and proliferation profiles (0, 24, and 48 h) were
tested by CCK-8. (C) Representative images of the HepG2 colony formation assay (scale bars, 500 um).
Statistical significance: * (p <0.05), ** (p <0.01), and *** (p <0.001) vs. DPBS.
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Fig. 2. LF induces mitochondrial-mediated apoptosis in HepGz2 cells. (A) Representative flow cytometric
analysis of apoptosis. After being exposed to LF for 48 h, HepG2 cells were stained with Annexin V-FITC
antibodies and PI and then subjected to apoptotic analysis using flow cytometry. (B) The proportions

of apoptotic and necrotic HepG2 cells after LF treatment. (C) Representative fluorescence images of the
mitochondrial membrane potential assay. In this experiment, HepG2 cells with normal mitochondrial
membrane potential were labeled with TMRE (red fluorescence). Scale bars, 50 um. (D) Representative flow
cytometric analysis of TMRE-labeled HepG2 cells. (E) The proportion of TMRE-positive HepG2 cells in the
mitochondrial membrane potential assay using flow cytometry. (F) Western blot analysis of apoptosis-related
proteins. The relative protein levels are shown below the representative images, which were determined after
normalization and comparison with the DPBS-treated HepG2 lysates. Statistical significance: * (p <0.05), **
(p<0.01), and *** (p<0.001) vs. DPBS.

the combination of the two inhibitors (Fig. 3E, F). The results of Western blotting demonstrated the specificities
of SB203580 and SP600125 on the inhibition of p38 MAPK and JNK phosphorylation, respectively (Fig. 3G).
Notably, SB203580 significantly reduced LF-induced cytochrome C release, but SP600125 did not. Moreover,
SP600125 increased LF-induced p38 MAPK phosphorylation regardless of the presence of SB203580 (Fig. 3G).
The combined results demonstrated that the p38 MAPK and JNK pathways are involved in LF-induced HepG2
apoptosis.
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Fig. 3. LF induces cell apoptosis through the activation of p38 MAPK and JNK signaling. (A) Western

blot images showing the entry of LF and the effects of LF treatment for 48 h on p38 MAPK, JNK, and ERK
phosphorylation. The relative phosphorylated profiles shown below were determined by normalizing the
phosphorylated protein intensity to the unphosphorylated protein intensity and comparing them with the
DPBS-treated HepG2 lysates. ND means that the band intensity was not detectable. (B) Western blot images
showing the time-course of p38 MAPK, JNK, and ERK phosphorylation after 5 mg/ml LF treatment. (C)
Representative cell images at 24 and 48 h after treatment with LF (5 mg/ml) and inhibitors against p38
MAPK (SB203580) and JNK (SP600125). Scale bars, 100 pm. (D) Cell viability after treatment with LF and
inhibitors (*, vs. no LF; #, vs. LF/no inhibitors). (E) Representative apoptosis analysis after treatment with

LF and inhibitors. (F) The proportions of apoptotic and necrotic HepG2 cells after treatments with LF and
inhibitors (*, vs. LF/no inhibitors). (G) Western blot images showing the changes in p38 MAPK and JNK
phosphorylation and the release of cytochrome C and cleaved caspase 3 after treatment with LF and inhibitors.
The relative protein levels were determined after B-actin normalization. Statistical significance: * (p <0.05), **
(p<0.01), and *** (p<0.001); * (p <0.05), ** (p < 0.01), and *** (p < 0.001).

LF arrests the HepG2 cell cycle at the GO/G1 phase via ERK-mediated upregulation of p21,
p27, and p53

Since LF inhibited the proliferation of HepG2 cells in the present study, we next further examined its impact on
HepG2 cell cycle progression. Apparently, the proportion of HepG2 cells in the G0/G1 phase dose-dependently
increased after LF treatment compared to DPBS treatment, accompanied by decrease in the proportion of cells
in the synthesis (S) and G2 phases, showing that LF induces cell cycle arrest at the GO/G1 phase (Fig. 4A, B).
The results of Western blotting demonstrated that the tumor protein P53 (p53) and two inhibitor proteins of the
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Fig. 4. LF arrests the HepG2 cell cycle at the GO/G1 phase through the activation of ERK signaling. (A)
Representative flow cytometric analysis of the HepG2 cell cycle. (B) The proportions of HepG2 cells at
different phases of the cell cycle (*, vs. GO/G1 phase/DPBS; #, vs. G2 phase/DPBS). (C) Western blot analysis
of cell cycle-related proteins. The relative protein levels were determined after -actin normalization. (D)
Cell viability after treatment with LF and ERK inhibitor (LY3214996) (* vs. LF/no inhibitor). (E) Western
blot images showing the changes in cell cycle-related proteins after treatments with LF and LY3214996. (F)
Quantitative RT-PCR analysis showing the changes in p21, p27, and Cyclin A mRNA levels after treatments
with LF and LY3214996 (*, vs. no LF). (G) Representative cell cycle analysis after treatment with LF and
LY3214996. (H) Changes in the cell cycle distribution after treatment with LF and LY3214996 (*, vs. G0/G1
phase/DPBS). Statistical significance: * (p <0.05), ** (p<0.01), and *** (p <0.001); * (p <0.05), ** (p < 0.01),
and #* (p<0.001).

cell cycle, p21 and p27, were upregulated, while the related cyclins (cyclin A, cyclin D1) and cyclin-dependent
kinases (CDK2, CDK4) that control the checkpoints of the cell cycle were downregulated by LF treatment
(Fig. 4C). The literature reports that ERK activation is the key mechanism connecting external stimuli to induce
and activate cell cycle events that control the transition from Gl to S phase? and thus is generally thought to
promote cell proliferation. This notion seems to contradict our findings that LF promotes ERK phosphorylation
and GO/G1 cell cycle arrest. To further verify the effects of LF on ERK activation and the results of GO/G1 cell
cycle arrest, HepG2 cells were pretreated with 10 nM LY3214996 (an ERK inhibitor) for 3 h and then further
treated with 5 mg/ml LF for an additional 48 h (Fig. 4D-H). The addition of LY3214996 dramatically reduced
HepG2 viability in the absence of LE, showing that ERK activity is required for cell cycle progression. However,
the addition of LY3214996 did not affect HepG2 viability in the presence of LF (Fig. 4D). However, LY3214996
reversed LF-induced p21, p27, and p53 upregulation, as well as LF-induced cyclin A, cyclin D1, and CDK2
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downregulation, but the expression of CDK4 was further inhibited by the addition of LY3214996 (Fig. 4E, F).
Furthermore, cell cycle analysis demonstrated that LY3214996 diminished LF-induced GO/G1 cell cycle arrest
(Fig. 4G, H). These results suggested that LF induced ERK-mediated p21, p27, and p53 upregulation to arrest
the HepG2 cell cycle at the GO/G1 phase.

INTL1 mediates LF-induced MAPK activation in HepG2 cells

The receptors for LF have been previously identified and include low-density lipoprotein receptor-related
protein 1 (LRP1)?, intelectin-1 (INTL1)??>?%, and Toll-like receptor 4 (TLR4)?**. We next characterized their
expression and determined which receptor mediates the LF-induced actions in HepG2 cells (Fig. 5). The results
of Western blotting demonstrated that all of these receptors were detectable in HepG2 lysates. The LF-associated
membrane proteins were next harvested through Co-IP with anti-LF antibodies, showing that LF interacted with
INTLI and LRP1 but did not interact with TLR4 (Fig. 5A). Moreover, using antibodies against tumor necrosis
factor (TNF) receptor associated factor-2 (TRAF2), we found that TRAF2 also complexed with LF (Fig. 5A). To
clarify whether LRP1 and INTLI1 are involved in downstream MAPK activation, shRNA-mediated RNAi was
conducted. Compared to infection with a control virus particle (NC), infection with sh-LRP1 lentivirus particles
effectively inhibited LRP1 expression in HepG2 cells, but LF-induced downstream p38 MAPK, JNK, and ERK
phosphorylation was not affected by LRP1 downregulation (Fig. 5B). Furthermore, transfection with sh-INTL1
plasmid DNA also confirmed its effectiveness in inhibiting INTL1 expression, and the downregulation of INTL1
in turn suppressed the entry of LF and LF-induced p38 MAPK, JNK, and ERK phosphorylation (Fig. 5C).

Oral administration of LF shows anti-liver cancer effects on mice

An in vivo study was conducted by injecting HepG2 cells into the livers of nude mice and orally administering
either PBS (mock) or LF (100 or 200 mg/kg/day) for 30 days to evaluate the preventive effects on the development
of HCC (Fig. 6). The mean body weight of the mice in the mock group continued to decrease throughout the
course of oral administration, losing approximately 17% overall at the end; however, the mean body weight in the
LF-Low group increased by approximately 7%, while that of the LF-High group was slightly decreased by nearly
5% (Fig. 6A). After one month, tumors were widely distributed in the livers of mock group mice, but the tumor
distribution was markedly reduced in the LF-treated nude mice (Fig. 6B). The mean liver weight and the ratio
of liver to body weight were markedly increased in the mock group compared to the two LF-treated groups, but
no substantial difference was observed between the LF-Low and LF-High groups (Fig. 6C). H&E staining results
showed that in the liver sections of the mock group, the tumor area and the border with the surrounding normal
tissue were clearly visible, but they were difficult to identify in the liver sections of the LF treatment groups
(Fig. 6D). Tumor markers, including vascular endothelial growth factor (VEGF) and cluster of differentiation
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Fig. 5. INTLLI is the receptor for LF binding in HepG2 cells. (A) Western blot images showing the interactions
of LF and the known receptors (LRP1, INTLI1, and TLR4) for LF (upper, anti-LF) and the interaction of LF
and TRAF2 (lower, anti-TRAF2) by Co-IP. (B) Western blot images showing the downregulation of LRP1

by LRP1-specific shRNAs (sh-LRP1) and the effects of LRP1 downregulation on p38 MAPK, JNK, and ERK
phosphorylation. (C) Western blot images showing the downregulation of INTL1 by INTL1-specific ShRNAs
(sh-INTL1) and the effects of INTL1 downregulation on p38 MAPK, JNK, and ERK phosphorylation. The
relative protein levels were determined after B-actin normalization.
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Fig. 6. LF exerts anti-HCC effects on mice. (A) Changes in mouse body weight during oral administration of
PBS (Mock), 100 mg/kg/day LF (LF-Low), or 200 mg/kg/day LF (LF-High). (B) The appearance of the whole
liver at the end of oral administration (each n=3). (C) Comparison of liver weight and the liver-to-body
weight ratio. (D) H & E staining images of liver tissue sections (each n=3). Scale bars, 100 um. Tumor areas

in the mock group are marked with lines and indicated by arrows. (E) IHC staining images of VEGF, CD31,
CDK2, and CDK4. The present images were photographed in the areas where a tumor was located (each n=3).
(F) The positively stained areas for VEGE, CDK4, CDK2, and CD31 were quantified using Image] software.
Statistical significance: * (p <0.05), ** (p <0.01), and *** (p <0.001) vs. mock.

31 (CD31), were largely present in the sections of the mock group according to the IHC staining, but they were
significantly scaled down in both LF-treated groups (Fig. 6E, F). Similarly, the expression of CDK2 and CDK4
was upregulated in the mock group, in contrast to downregulated expression in the LF-treated groups (Fig. 6E,
F). There were no statistically significant differences between the low-dose and high-dose LF treatment groups.

Discussion
HCC is one of the most difficult cancers to cure in modern medicine, and finding available alternative
medications is still a challenging topic in cancer treatment research. Numerous anti-HCC natural compounds
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extracted from herbal plants have been demonstrated to have pharmacological effects such as arresting the cell
cycle and inhibiting apoptosis, autophagy, migration, and invasion while demonstrating a low toxicity on healthy
cells®®. In addition to these natural herbal compounds, LF is a natural iron-binding glycoprotein in milk that had
been shown to exert anticancer effects in an earlier phase I trial?® and is currently gaining increased attention
for its potential application in the treatment of different cancers, such as oral cancer?’, prostate cancer®®, breast
cancer?, colon cancer®, and lung cancer®!. Numerous studies have revealed the protective effects of LF on
chemical- and ethanol-induced liver injuries!!~!, but studies on the protective effects of LF on liver cancers are
limited. In a previous study, Li et al. showed that LF inhibited the growth of HepG2 cells and other human cancer
cells (A549, HT29, MDA231-LM2) via the induction of cell apoptosis”. Nevertheless, the involved receptors
for LF and the underlying signal transduction in HepG2 cells have not been characterized. The present study
demonstrated the growth-inhibitory effects of LF on HepG2 cells and two other human liver cancer cell lines,
Hep3B and SK-Hep1 (Fig. 1 and Supplementary Fig. S1). The IC,, of LF is estimated at 5 mg/ml in our study,
lower than the 20 g/L used in the study of Li et al.>2. After considering the different mechanisms by which LF may
exert its effects on different cell lines, HepG2 cells were selected as a model for further elucidating LF-induced
tumor-toxic effects and the underlying signal transduction.

Several findings were reported in the present study. First, LF increases the apoptotic rate of HepG2 cells via
the p38 MAPK and JNK pathways (Figs. 2 and 3). Induction of cell apoptosis is the most common mechanism
through which many antitumor or anticancer agents exert their effects. Apoptosis is a highly regulated process
that is initiated through either the intrinsic or extrinsic pathways. Intrinsic apoptosis is initiated by intracellular
stress, leading to an imbalance between Bcl-2 anti-apoptotic protein levels and Bax pro-apoptotic protein
levels, followed by the release of cytochrome C into the cytoplasm after mitochondrial membrane disturbance
and the activation of downstream executioner caspases such as caspases 3, 6, and 7, which eventually cause
cell death®®. These events occurred in the HepG2 cells that had been exposed to LF, demonstrating that LF
promotes mitochondria-mediated apoptosis in HepG2 cells. Furthermore, we found that LF increased the
phosphorylation of c-Jun protein, implying the involvement of the JNK pathway. In fact, LF not only increased
JNK phosphorylation but also promoted the phosphorylation of p38 MAPK and ERK in our study, showing
the complexity of LF-induced signal transduction involved in the apoptosis of HepG2 cells. The activation of
MAPK pathway-related proteins, such as p38 and ERK, is typically associated with cell survival and treatment
resistance, though their roles can vary depending on the cellular context. However, in certain conditions,
sustained activation of the p38 and ERK MAPK pathways has been shown to induce apoptosis and cell cycle
arrest. For instance, studies by Qiang et al.** and Zhang et al.*® demonstrated that p38/ERK MAPK signaling
could promote apoptosis and cell cycle arrest in various cell lines, including HepG2 cells. Among these MAPKs,
the activation of ERK is generally beneficial to the proliferation of cancer cells*, which seems to be in conflict
with the promotion of apoptosis by LF, which we will discuss later. To further verify the importance of p38
MAPK and JNK activation in HepG2 apoptosis, p38- (SB203580) and JNK-specific (SP600125) inhibitors were
used. The introduction of a single inhibitor specifically inhibited the phosphorylation of p38 MAPK or JNK
and reversed the effects of LF on HepG2 viability and apoptosis. The combination of p38 and JNK inhibitors
did not increase cell viability or decrease the proportion of apoptotic cells, as predicted, suggesting that other
signaling pathways were involved. It is worth noting that the application of SP600125 increased p38 MAPK
phosphorylation in the absence or presence of the p38 inhibitor SB203580 (Fig. 3H). Both inhibitors decreased
the cleavage of caspase 3, but only the p38 inhibitor inhibited cytochrome C release. This finding indicated
that p38 MAPK mediates LF-induced apoptosis through the intrinsic pathway. The death receptor-mediated
extrinsic pathway cannot be excluded in the present study because p38 MAPK and JNK activation have also been
reported to trigger the extrinsic apoptotic pathway®’. LF-induced MAPK activation has also been reported in
bone, where its effects result in the proliferation of osteoblasts and the apoptosis of osteoclasts, showing another
mechanism by which LF exerts beneficial effects on bone health®.

Second, LF induces ERK activation and the upregulation of p21, p27, and p53 to cause cell cycle arrest at GO/
G1 phase in HepG2 cells (Fig. 4). Disturbing the checkpoints leading to cell cycle arrest is another strategy that
anticancer agents use to restrict tumor growth and cancer development. In this study, LF treatment was found to
arrest the HepG2 cell cycle at GO/G1 phase, as demonstrated by the downregulation of the related cyclins (cyclin
A and cyclin D1) and CDKs (CDK2 and CDK4), as well as the upregulation of two inhibitor proteins, p21 and
p27. A similar cycle arrest profile was reported in MDA-MB-231 cells (breast cancer) after exposure to human
LE where the cell cycle was arrested at the G1 to S transition phase, accompanied by a remarkable decrease
in the expression levels of CDK2, CDK4, and cyclin E and an increase in the expression levels of p21%. The
upregulation of p21 and p27 is frequently reported in cancer cells after exposure to anticancer agents (e.g., histone
deacetylase (HDAC) inhibitors*’ and simvastatin®'). The literature indicates that the accumulation of p21 and
p27 inhibits cyclin E/CDK2 and cyclin D/CDK4 complex formation, which in turn prevents the progression of
cancer cells from G1 to S phase?2. In this study, ERK activation was thought to mediate downstream p21 and p27
upregulation due to the finding that LF-induced cell cycle arrest and the inhibition of cyclin A, cyclin D1, and
CDK2 were restored by LY3214996, an ERK inhibitor. Moreover, LY3214996 inhibited LF-induced upregulation
of p21 and p27. Similar ERK activation-induced cell cycle arrest has also been reported in prostate cancer cells
treated with bisphenol*’. p53 is a central tumor suppressor that is often inactivated in many tumor types. We
found that LF upregulated p53 expression in HepG2 cells, while LF-induced p53 upregulation was inhibited
in the presence of LY3214996, suggesting that p53 is downstream of the ERK pathway. A recent genome-wide
study by Engeland et al. reported that nearly half of all genes transcriptionally regulated by p53 are repressed,
including a variety of cell cycle regulators*%. They demonstrated that p53 upregulates p21 expression, and then
p21 blocks several cyclin/CDK complexes by activating p21/retinoblastoma protein (RB) signaling. In addition,
the activation of p21/RB signaling also upregulates p27 expression to block the cyclin A/E/CDK2 complex**. ERK
has dual and opposing effects because numerous studies have shown that ERK activation increases oncogenic

Scientific Reports |

(2024) 14:31210 | https://doi.org/10.1038/s41598-024-82514-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

cell proliferation; however, many compounds (e.g., icaritin®®, quercetin®®, simvastatin®’, etc.) have been reported
to induce ERK activation-dependent apoptosis®. In this regard, p53 has been reported to induce apoptosis
through the activation of p38 MAPK*® and JNK*, suggesting that p53 is also downstream of p38 MAPK- and
JNK-mediated pathways and that p53 mediates the crosstalk between LF-induced cell cycle arrest and apoptosis.

Third, INTL1 mediates LF-induced MAPK activation in HepG2 cells (Fig. 5). The finding that intact LF was
present in HepG2 lysates proved that LF enters the cytoplasm via endocytosis. To date, LRP1, INTL1, and TLR4
have been identified as LF receptors?'~24, but only LRP1 and INTLI were shown for the first time to bind LF
in HepG2 cells. We next showed that INTL1 knockdown prevented LF entry and the phosphorylation of p38
MAPK, JNK, and ERK, indicating that INTLI acts as a LF receptor that aids in downstream MAPK activation
in HepG2 cells. INTL1 is a galactofuranose-specific lectin that exists in the lipid raft on the brush border of
enterocytes®’, where it can mediate the uptake of LF with high specificity through an endocytic mechanism and
affect the subcellular localization and subsequent release of LF to the apical side of enterocytes?>?*. According to
the study of Akiyama et al.?, LF associated with cell surface INTL1 undergoes endocytosis, localizes with early
endosome antigen 1 (EEA1), and remains intact for a certain period of time. LRP1 is a low-specificity receptor
for LF in contrast to INTL1, and we found that LF-induced MAPK activation in HepG2 cells was independent
of LRP1. Nonetheless, other LRP1-induced signaling pathways cannot be fully excluded. It is interesting to note
the association of TRAF2 with LF and INTL1. TRAF2 is an intracellular adaptor protein that interacts with
at least 100 proteins and is involved in various cancer-relevant processes, including the activation of various
MAPK cascades and the control of apoptosis®'. TRAF2 can function as a tumor suppressor or as a tumor
promoter depending on the conditions. Recently, Liang et al. reported that TRAF2 is upregulated in both human
liver cancer cell lines (HepG2, Huh7, Hep3B, etc.) and tissues, and high TRAF2 expression is linked to a poor
prognosis of HCC patients®2. However, further studies are required to determine whether TRAF2 is involved in
LF/INTLI-mediated MAPK activation and the downstream cellular responses.

Fourth, oral administration of LF exerts anti-liver cancer effects on mice (Fig. 6). At present, there are limited
in vivo studies evaluating the efficacy of LF against liver cancers. Previously, Woodfield et al.>* developed an
orthotopic mouse model to create an animal xenograft, surgically implanting HepG2 and Huh-6 cells into the
right or left liver lobes via a midline abdominal incision. In the present study, we injected HepG2 cells into the
liver of each nude mouse to evaluate the effects of oral LF administration on the development of HCC. Our data
proved that oral LF administration moderates weight loss during treatment and prevents the development of
HCC to a significant extent. The IHC images showed that LF downregulated VEGF and CD31 expression in the
liver, suggesting that LF inhibits angiogenesis during HCC development. Moreover, the downregulation of CDK2
and CDK4 expression in the LF-treated nude mice was supportive of the fact that LF arrests the HepG2 cell cycle.
Similar LF-induced antiangiogenic effects have been reported in lung tumorigenesis in our previous human
VEGF-overexpressing transgenic mouse model®!. Recently, Ayuningtyas et al. used oral cancer mouse models to
demonstrate that LF can be endocytosed through LRP1 and bound to endogenous TRAF6 to inhibit the NFxB
pathway, which explains the LF-mediated cellular responses against tumor angiogenesis®*. Despite state-of-the-
art techniques being continuously developed to improve the LF-mediated effects on various cancer types®, more
in-depth investigations remain necessary to provide a satisfactory prognosis for clinical application.

Summarily, LF bound to the membrane INTLI receptor, initiated its entry by endocytosis, and then activated
the p38 MAPK and JNK pathways to promote HepG2 apoptosis through the intrinsic pathway. Moreover, LF
endocytosed through the INTLI receptor also activated the ERK pathway to upregulate p21, p27, and p53
expression, which in turn downregulated downstream cyclins and CDKs to arrest the HepG2 cell cycle at GO/G1
phase (Fig. 7). In this study, p53 may mediate the crosstalk between LF-induced apoptosis and cell cycle arrest,
and LF binding to INTL1 may recruit TRAF2 to the formed endosomes, but the function of TRAF2 recruitment
requires further characterization. In addition, the results of the animal experiment demonstrated that oral LF
administration prevents HCC development, which is consistent with our findings in HepG2 cell cultures. To our
knowledge, these results are reported for the first time.

Conclusions

The present study illustrates the potential of LF against hepatocellular carcinoma from both cell- and animal-
based experiments. The identification of INTLI as the receptor for LF binding and the underlying signal
transduction in HepG2 cells offer novel insights for HCC treatment with LF or LF-derived peptides.

Methods

Chemicals, kits, and cell culture media

Bovine lactoferrin (LF) with a purity>98% was supplied by Phermpep Co., Ltd. (Taichung, Taiwan). A stock
LF solution (250 mg/ml) was prepared in phosphate-buffered saline (PBS) and stored at -20 °C until use.
Modified Eagle’s medium (MEM), Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
100x MEM-nonessential amino acid (MEM-NEAA) solution, 100 mM sodium pyruvate solution, 100X
penicillin/streptomycin solution, and the BCA protein assay kit were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA). Cell Counting Kit-8 (CCK-8) was purchased from MedChemExpress (Monmouth
Junction, NJ, USA). Propidium iodide (PI)/RNase staining buffer was purchased from BD Pharmingen (San
Diego, CA, USA). A mitochondrial membrane potential assay kit was purchased from Cell Signaling Technology
(Danvers, MA, USA). An Annexin V-FITC/PI apoptosis detection kit was purchased from Elabscience
Biotechnology (Wuhan, China). The Presto™ DNA/RNA/protein extraction kit was purchased from Geneaid
Biotech Ltd. (Taipei, Taiwan). The MMLV Reverse Transcription Kit and 2X qPCRBIO SyGreen Mix were
purchased from Protech Technology Enterprise Co., Ltd. (Taipei, Taiwan). The Novolink™ Polymer Detection
System was purchased from Leica Biosystems (Deer Park, IL, USA). Inhibitors for p38 MAPK (SB203580) and
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Fig. 7. The proposed mechanism that illustrates the effects of LF on HepG2 cells. >: promotion; T: inhibition;
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JNK (SP600125) were purchased from Merck (Darmstadt, Germany). ERK inhibitor (LY3214996) was purchased
from Cayman Chemical (Ann Arbor, MI, USA).

Cell culture

The cell lines used in this study, including FL83B (normal liver cells), HepG2 (hepatocellular carcinoma),
Hep3B (hepatocellular carcinoma), and SK-Hep1 (liver adenocarcinoma), were purchased from the Bioresource
Collection and Research Center (BCRC), Hsinchu, Taiwan. FL83B cells were maintained in DMEM supplemented
with 10% FBS, 1% MEM-NEAA, 1 mM sodium pyruvate, and 1% penicillin/streptomycin. HepG2, Hep3B, and
SK-Hep1 cells were maintained in MEM supplemented with 10% FBS, 1% MEM-NEAA, 1 mM sodium pyruvate,
and 1% penicillin/streptomycin. All of the cultures were incubated at 37 °C in a humidified atmosphere of 5%
Co,.

Cell viability assay

Cell viability was determined using a CCK-8 kit. Briefly, cells were seeded in 96-well plates (3000 cells/well) and
treated with different concentrations of LF (1, 2.5, 5, and 10 mg/ml) or an equal volume of DPBS as a control.
At the indicated time points (0, 24, and 48 h), the old media was replaced with new media, and 10 ul of CCK-8
solution was subsequently added. After 2 h of incubation at 37 °C, the absorbance at 450 nm was measured using
a microplate spectrophotometer.

Colony formation assay

Cells were seeded in 6-well plates (500 cells/well) and allowed to grow in the presence of LF (5 and 10 mg/ml) or
not (using PBS as a control). The incubation persisted for 9 days, and the media were refreshed every 3 days until
the end of the incubation. Afterward, the cells were washed with PBS and then stained with 0.1% crystal violet
for 15 min. Images were acquired using a Lionheart FX automated microscope (BioTek Instruments, Winooski,
VT, USA), and the surface areas of the cell colonies were measured using Image]J software.

Apoptosis analysis

For apoptosis analysis, cells were grown in 6-well plates at an initial cell density of 10° cells per well for 24 h and
then treated with different concentrations of LF for another 48 h. The same procedures were also applied to the
other cell experiments presented in this study. Apoptosis analysis was performed using an Annexin V-FITC/PI
apoptosis detection kit. Briefly, the collected HepG2 cells were washed twice with cold PBS and resuspended in
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binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4) at a cell density of nearly 10° cells per
ml. Aliquots of the cell suspension (100 pl) were then mixed with Annexin V-FITC antibody (20-fold dilution)
and PI (50 pg/ml) and incubated for 30 min at room temperature under light protection. Afterward, the sample
volume was brought up to 500 ul with binding buffer, followed by analysis using a BD Accuri C6 Plus flow
cytometer.

Mitochondrial membrane potential assay

A mitochondrial membrane potential assay kit was used to assess changes in mitochondrial membrane potential.
This assay was performed by incubating an adequate number of LF-treated cells in a tetramethylrhodamine
(TMRE, 200 mM) labeling solution at 37 °C for 20 min. Cells were harvested, washed three times with ice-cold
PBS, and then analyzed by flow cytometry. For microscopic observation, cells were grown on 18-mm sterile
coverslips (5000 cells/slip) and treated with the same procedures as described above. The fluorescence intensities
of TMRE (650-690 nm) were evaluated by cellSens imaging software (Olympus).

Cell cycle analysis

For the cell cycle analysis, the collected HepG2 cells were washed with ice-cold PBS, fixed with 70% ethanol
for 2 h, and finally resuspended in PI/RNase staining buffer at a cell density of nearly 10° cells per ml. After
incubation at 37 °C for 30 min, samples were subjected to cell cycle analysis using a BD Accuri C6 Plus flow
cytometer (BD Biosciences, Mountain View, CA, USA).

Western blot analysis

The preparation of protein lysates and the related procedures for Western blot analysis were performed as
previously described>®. Briefly, protein lysates were prepared by lysing cells in 1x RIPA buffer containing protease
and phosphatase inhibitors. The total protein concentration was determined using a BCA protein assay kit.
Samples of 35 pg total protein were loaded, separated by SDS-PAGE, and then transferred to PVDF membranes.
The PVDF membranes were then sequentially treated by blocking (5 min), primary antibody incubation (4 °C,
overnight), TBS-T wash (10 min, 3 times), secondary antibody incubation (10000-fold dilution, 2 h), TBS-T
wash (10 min, 3 times), and detection of chemical luminescence immediately. Appropriate dilutions of the
primary antibodies used in this study are listed in Supplementary Table S1.

RNA isolation and quantitative real-time PCR (QRT-PCR)

Total RNA was extracted using a Presto™ DNA/RNA/Protein Extraction Kit according to the manufacturer’s
instructions. Two micrograms of total RNA from each sample was transcribed into cDNA using an MMLV
Reverse Transcription Kit. QRT-PCR was performed by mixing an aliquot of cDNA sample with target
gene primers and 2x qPCRBIO SyGreen Mix in a total volume of 20 pl, followed by PCR running using the
QuantStudio™ 6 Pro Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The primers used in this
study are listed as follows: p21, 5-CGATGGAACTTCGACTTTGTCA-3’ and 5-CACAAGGGTACAAGACAG
TG-3’; p27, 5-CCGGTGGACCACGAAGAGT-3’ and 5-GCTCGCCTCTTCCATGTCTC-3’; Cyclin A, 5-GCC
ATTAGTTTACCTGGACCCAGA-3’ and 5-ACTGACATGGAAGACAGGAACCT-3.

Coimmunoprecipitation (Co-IP)

The harvested HepG2 cells were resuspended in lysis buffer (20 mM Tris-HCI, 137 mM NaCl, 1% Triton X-100,
2 mM EDTA, pH 8.0) at 4 °C. The cell suspensions were then centrifuged (12,000 X g, 15 min) to collect the
supernatants. Antibodies targeting the protein of interest were added and allowed to incubate at 4 °C overnight.
Protein G magnetic beads (Cytiva 28-9440-08, Merck) were then introduced to the protein mixtures and
incubated for 1 h at 4 °C with gentle mixing. Afterward, the beads were washed with lysis buffer to remove any
nonspecifically bound proteins. Finally, proteins bound to beads were eluted with 50 pl of elution buffer (100
mM Tris-HCl, 4% SDS, 0.2% bromophenol blue, 20% glycerol). The samples were subjected to Western blot
analysis after heating at 50 °C for 10 min.

RNA interference (RNAI)

The shRNA lentivirus particles targeting LRP1 (sh-LRP1) and lentivirus particles used for control (NC), as well
as shRNA plasmid clones targeting INTL1 (sh-INTL1), were obtained from the RNA Technology Platform and
Gene Manipulation Core, Academia Sinica, Taipei, Taiwan (http://rnai.genmed.sinica.edu.tw). shRNA-related
information is presented in Supplementary Table S2.

For sh-LRP1 lentivirus transduction, cells were cultured in 6-well plates to a confluency of 70 - 80%, followed
by the addition of sh-LRP1 lentivirus particles at an MOI (multiplicity of infection) of 5 and incubation for 24 h
at 37 °C in a humidified incubator. The media were refreshed with puromycin (2 pg/ml)-containing media every
3 days until puromycin-resistant colonies formed. The resistant cell colonies were selected and expanded, and
the efficiency of LRP1 knockdown was determined by Western blot analysis.

For the transfection of sh-INTL1 plasmids, cells were cultured in 6-well plates to a confluency of 70-80%,
followed by transfection with a TransIT-X2 dynamic delivery system (Mirus Bio LLC., Madison, WI, USA) based
on the recommended conditions. The efficiency of INTL1 knockdown was determined by Western blotting after
48 h of transfection.

Orthotopic mouse experiment
In vivo studies were performed in nude mice (BALB/c, male, 4-5 weeks old, 18-22 g) that were obtained from the
National Laboratory Animal Center, Taipei, Taiwan. Procedures such as housing and feeding were performed in
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accordance with protocols approved by the Institutional Animal Care and Use Committee of National Chung
Hsing University (TACUC No. 104 —091). The study is reported in accordance with ARRIVE guidelines.

To generate tumors, 40 pl of HepG2 cells (approximately 1x 10° cells) mixed with 60 pl of Matrigel matrix
(Corning) were implanted into the right lobe of the liver through an abdominal incision. One week after
injection, mice were randomly divided into three groups (each n=3). Our previous study demonstrated that a
dose of 900 mg/kg LF produced no significant side effects in mice®’; however, to minimize potential side effects,
we selected doses within the EFSA-specified safety range for bovine lactoferrin'®. Based on this information,
nude mice were treated with PBS (mock group), 100 mg/kg/day LF (low-dose group), and 200 mg/kg/day LF
(high-dose group) for thirty days. During oral administration, mouse body weight was recorded. At the end
of the treatment, the mice were anesthetized with inhaled isoflurane and sacrificed by cervical dislocation to
collect tissue samples for further analysis. Liver samples were collected, which were either immediately frozen
in liquid nitrogen and stored at -80 °C until further use or fixed in 10% neutral formalin for subsequent paraffin
embedding and tissue section staining.

Immunohistochemistry (IHC) staining

The paraffin-embedded liver sections were cut at 5-pm thickness in glass slides and subjected to IHC staining
using a Novolink™ Polymer Detection System according to the manufacturer’s instructions. After dewaxing,
liver sections on the slides were incubated in peroxidase-blocking buffer for 5 minutes to eliminate endogenous
peroxidase activity. The slides were then incubated overnight at 4°C with primary antibody solutions (100-fold
dilution) and subsequently incubated with HRP-conjugated secondary antibody solutions (500-fold dilution)
for 2 h. After three PBS washes, 3,3’-diaminobenzidine (DAB) was added for color development. After being
thoroughly washed with water, the slides were counterstained with hematoxylin, dehydrated, mounted, and
observed under a microscope. The positively stained areas of IHC were quantitatively measured using Image]
software.

Statistical analysis

All experiments were repeated independently at least three times. The data are presented as the mean+SD and
were plotted using GraphPad Prism 8.0 software (Boston, MA, USA). Statistical analyses were performed by
one-way or two-way ANOVA with Tukey’s multiple comparison. Statistical significance is marked by * (*p < 0.05,
**p<0.01, and ***p <0.001) and * (*p <0.05, *p <0.01, and ***p < 0.001).

Data availability
Data is provided within the manuscript or supplementary information files.
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