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suppression of MMP1 expression by hLF and hLF-
HSA have been implicated as causes of a marked 
increase and decrease in PC-14 cell migration, 
respectively. In conclusion, the fusion of HSA with 
hLF (hLF-HSA) promoted its anti-migratory effects 
against cancer cells. Therefore, hLF-HSA is a promis-
ing anti-cancer drug candidate based on its improved 
anti-migratory activity towards cancer cells.
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Introduction

Cancer cells that develop in primary tumors acquire 
the ability to migrate as they become cancerous, 
which allows them to move from the original site of 
the primary tumor to other distant organs through 
lymphatic and blood vessels to form secondary 
tumors (Guan 2015). This process is called cancer 
metastasis, which represents the leading cause of 
cancer-related deaths (Dillekås et  al. 2019). Cancer 
migration is a critical process during cancer metasta-
sis; thus, it is a suitable target pathway for the devel-
opment of anti-metastatic agents (Hulkower and Her-
ber 2011).

Lactoferrin (LF) is an innate immune protein that 
exhibits anti-cancer effects, such as inhibition of can-
cer growth and metastasis (Cutone et al. 2020). Oral 
(Iigo et al. 1999) and subcutaneous (Yoo et al. 1997) 
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administration of bovine LF (bLF) or intraperito-
neal (Bezault et  al. 1994) administration of human 
LF (hLF) has been reported to exert anti-metastatic 
effects in experimental mouse models of tumor 
metastasis. As expected, the migration of cancer cells 
treated with bLF or hLF was inhibited, as revealed by 
in vitro wound healing (Grada et al. 2017) or Boyden 
chamber assays (Katt et  al. 2016). These previous 
publications strongly suggest the potential anti-migra-
tory activities of LF as an anti-cancer protein candi-
date (Cutone et al. 2020).

Recently, we developed human serum albumin 
(HSA)-fused hLF (hLF-HSA) as a potential therapeu-
tic protein (Ueda et al. 2020). hLF-HSA demonstrates 
not only an extended half-life but also enhanced 
anti-proliferative effects against cancer cells (Ueda 
et  al. 2020). In the present study, we evaluated the 
effects of hLF and hLF-HSA on cancer migration 
with a focus on the possible application of hLF-HSA 
as an anti-metastatic protein in two widely available 
assays, namely, a wound healing assay (Grada et  al. 
2017) and Boyden chamber assay (Katt et al. 2016). 
Although hLF unexpectedly promoted cancer cell 
migration, hLF-HSA exerted robust anti-migratory 
activity against cancer cells. The molecular mecha-
nisms of action are also discussed in this report.

Materials and methods

Preparation of iron-saturated recombinant hLF 
(holo-hLF)

Recombinant human lactoferrin (hLF) produced in 
Aspergillus niger (> 95% purity, NRL Pharma Inc., 
Kawasaki, Japan) was dissolved in 0.1 M citric acid 
solution (pH 2.1) containing 3 mM ethylenediami-
netetraacetic acid. After incubation for 24 h at room 
temperature, hLF was dialyzed against distilled 
water for 24  h at 10  °C to remove ferric ions (apo-
hLF). Iron-saturated recombinant hLF (holo-hLF) 
was prepared by dialyzing apo-hLF to 50 mM phos-
phate buffer (pH 7.5) containing 0.001% (w/v) ferric 
ammonium citrate and 50 mM bicarbonate for 24  h 
at 10  °C, followed by dialysis against 50 mM phos-
phate buffer (pH 6.6) containing 50 mM NaCl for 
24 h to remove excess iron. The iron content in holo-
hLF was measured by using the Fe-C test kit (Wako 
Pure Chemicals, Osaka, Japan). The holo form of 

hLF (1588 ng  Fe3+/mg protein) was used in this study 
because of the consistency with the use of holo-hLF-
HSA (see below, 1302 ng  Fe3+/ mg hLF equivalent) 
produced in CHO DG44 cells.

Preparation of recombinant hLF-HSA produced in 
CHO DG44 cells

Production of HSA fusion to the C-terminal hLF 
(hLF-HSA) in CHO DG44 cells was described in 
previous work (Ueda et  al. 2020). hLF-HSA has an 
Asp-Pro linker derived from restriction sites between 
hLF and HSA in cloning. hLF-HSA expressed with 
the native hLF signal peptide was secreted into the 
culture medium and purified by cation-exchange 
chromatography (> 95% pure). hLF-HSA was usu-
ally produced as the holo form (1302 ng iron per 
mg hLF equivalent) in CHO DG44 cells. hLF-HSA 
was reported to show an approximately 3.3-fold 
longer half-life (64.0 min) than the holo form of hLF 
(19.5 min) (Ueda et al. 2020).

Reagents and chemicals

Commercially available HSA (> 95% purity) was pur-
chased from the Fujifilm Wako Pure Chemical Cor-
poration (Osaka, Japan). The reagents for cell culture 
were purchased from Fujifilm Wako Pure Chemical 
Corporation unless otherwise indicated.

Cell culture

The human lung adenocarcinoma cell line PC-14 
(Noro et  al. 2006) was acquired from Immuno-Bio-
logical Laboratories Co. Ltd. (Gunma, Japan). PC-14 
cells were maintained in RPMI 1640 medium supple-
mented with 10% (v/v) fetal bovine serum (FBS). The 
cells were then incubated at 37 °C in an atmosphere 
containing 5%  CO2.

Wound healing assay

A wound healing assay was performed to compare 
the migratory abilities of PC-14 cells in the pres-
ence of each sample. The cells were seeded at 
2 ×  105 cells/well in a 24-well plate and cultured 
until they reached 90% confluence. Prior to scratch-
ing, the cells were pretreated with 5 µg/ml mitomy-
cin C (a cell proliferation inhibitor) in serum-free 
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RPMI 1640 medium for 2 h. A mechanical wound 
(approximately 2.5 mm wide) was made across the 
cells, and then the cells were treated with 5  µM 
of each protein (hLF, HSA, hLF-HSA, or concur-
rent addition of hLF and HSA [hLF + HSA]) in a 
serum-free medium for 48  h. The capacity of the 
proteins to suppress the migration of PC-14 cells 
was evaluated using two methods: measuring the 
wound width and counting the number of migrating 
cells in a mechanical wound. To measure the wound 
width, the mechanical wound was photographed 
and the wound width was measured in five random 
fields. To count the number of migrating cells in 
a mechanical wound, the mechanical wound was 
photographed and the migrating cell numbers were 
counted in five random fields. When an matrix met-
alloproteinase (MMP) inhibitor (IIomastat, Med-
ChemExpress, Monmouth Junction, NJ, USA) was 
used, 20  µM IIomastat was simultaneously added 
to the sample proteins tested. All results were ana-
lyzed using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Boyden chamber assay

The Boyden chamber assay (No. 140,629, Nunc, 
Thermo Fisher Scientific, Denmark) was designed 
according to the principle that cancer cells can 
migrate into the bottom chambers containing 
medium with 10% FBS through polycarbonate 
microporous membranes with an 8  μm pore diam-
eter. Two ×  105 cells of PC-14 in 400  µL serum-
free RPMI 1640 containing 5  µM of each protein 
(hLF, HSA, hLF-HSA, or the concurrent addition of 
hLF and HSA [hLF + HSA]) were seeded in the top 
chamber of a 24-well plate. The bottom chamber 
was filled with 750 µL RPMI-1640 supplemented 
with 10% FBS. The cells were cultured for 48 h, and 
cotton swabs were used to scrub the non-migrating 
cells on the top surfaces. Migrating cells on the 
undersurface were fixed with ice-cold methanol for 
15  min and stained with 0.2% crystal violet. The 
membrane was washed three times with ice-cold 
PBS. The stained cells on the undersurfaces were 
photographed, and the ratio of the stained area was 
calculated in five random fields. All results were 
analyzed using ImageJ software.

Immunoblotting

PC-14 cells (2 ×  105 cells/well) were seeded in a 
12-well plate and treated with 5 µM of each pro-
tein (hLF, hLF-HSA, HSA, or concurrent addition 
of hLF and HSA [hLF + HSA]) in serum-free RPMI 
1640 for 48 h. The cells were suspended in 300 µL 
of lysis buffer (PBS containing 1% Triton X-100 
and a mixture of protease inhibitors) and then incu-
bated at 4 °C for 1 h. After centrifugation, the pro-
tein concentration in the cell lysate was measured 
using a Bradford assay. Heat-treated cell lysates 
(30  µg) were separated by 15% SDS-PAGE under 
reducing conditions and transferred onto a nitrocel-
lulose membrane (Amersham Protran 0.45  μm NC 
[GE Healthcare]). The membranes were blocked in 
blocking buffer (5% skim milk in TBS-0.05% Tween 
20 [TBS-T]) for 1  h at 25  °C and then incubated 
overnight at 4 °C with primary antibodies diluted to 
1:1000 in blocking buffer (MMP1[10371-2-AP] and 
MMP9 [10375-2-AP], Proteintech, Rosemont, IL, 
USA). Then, the membranes were incubated with 
HRP-conjugated anti-rabbit IgG (1:5000, Zymed) 
for 1 h at 25 °C. Chemiluminescence was detected 
using a chemiluminescence reagent (Immunostar 
Zeta; Fujifilm Wako Pure Chemical Corporation). 
After immunoblotting with MMP antibodies, the 
antibodies were removed from the membranes 
using stripping buffer (Fujifilm Wako Pure Chemi-
cal Corporation) and the blots were reprobed with 
γ1 actin antibodies (Fujifilm Wako Pure Chemical 
Corporation) as described previously (Matsuzaki 
et al. 2019). Band intensities were quantified using 
ImageJ software.

Statistical analysis

Tukey’s test was conducted to compare cell migration 
in a wound healing assay (Figs. 1 and 2) or a Boyden 
chamber assay (Fig. 3), and the expression levels of 
MMP1 and MMP9 in the treated PC-14 cells (Fig. 4). 
Student’s t-test was performed to evaluate cell migra-
tion with or without an MMP inhibitor in a wound 
healing assay (Fig. 5). Statistical significance was set 
at p < 0.05. Statistical analyses were performed using 
the online statistical software EZR (Kanda 2013) (See 
https:// www. jichi. ac. jp/ saita ma- sct/ Saita maHP. files/ 
statm edEN. html).

https://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html
https://www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmedEN.html
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Results

Human lactoferrin (hLF) and human serum 
albumin-fused hLF (hLF-HSA) suppress PC-14 lung 

cancer cell migration as revealed by the wound width 
in a wound healing assay

The human lung adenocarcinoma PC-14 cell line 

Fig. 1  hLF and hLF-HSA show anti-migratory activities 
against human lung cancer PC-14 cells, as revealed by meas-
uring the wound width in a wound healing assay.  A  PC-14 
cells were treated with 5 µM of each protein (hLF, HSA, hLF-
HSA or concurrent addition of hLF and HSA [hLF + HSA]) to 
serum-free medium for 48 h. Representative light microscopy 

images of mechanical wounds are shown. B  Wound width 
between the edges of the scratch is represented graphically. 
All data are presented as mean ± SD (n = 3); non-significant 
(ns), *p < 0.05, and ***p < 0.001 compared with the control; 
##p < 0.01 hLF vs. hLF-HSA

Fig. 2  hLF unexpectedly promotes the migration of PC-14 
cells while hLF-HSA suppresses it, as revealed by count-
ing the migrating cell numbers in a mechanical wound in a 
wound healing assay. A PC-14 cells were treated with 5 µM of 
each protein (hLF, HSA, hLF-HSA or concurrent addition of 
hLF and HSA [hLF + HSA]) to serum-free medium for 48  h. 

Representative light microscopy images of migrating cells in 
a mechanical wound (the images are from the photographs in 
Fig. 1A) are shown. B Number of migrating cells in mechani-
cal wounds are graphically represented. All data are presented 
as the mean ± SD (n = 3); *p < 0.05 and ***p < 0.001 compared 
with the control; ###p < 0.001, hLF vs. hLF-HSA
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was used to evaluate the inhibitory effects of hLF 
and hLF-HSA on cancer cell migration based on an 
in vitro wound healing assay. First, the anti-migratory 

effects on PC-14 cells were evaluated by measuring 
the mechanical wound width, which is a frequently 
used method (Fig.  1). To reduce the contribution of 

Fig. 3  hLF unexpectedly promotes the migration of PC-14 
cells while hLF-HSA suppresses it, as revealed by a Boyden 
chamber assay.  A  Light microscopy image represents the 
migrating cells on underside filters with 8  μm pores after 
48 h of treatment with 5 µM of each protein (hLF, HSA, hLF-
HSA, or concurrent addition of hLF and HSA [hLF + HSA]). 

Migrating cells were stained with crystal violet. Images were 
captured under a microscope. B  Ratio of stained area on the 
underside of the filter membranes are graphically represented. 
All data are presented as the mean ± SD (n = 3); **p < 0.01 and 
***p < 0.001 compared to the control; ###p < 0.001, hLF vs. 
hLF-HSA

Fig. 4  MMP1 expression is specifically upregulated by hLF 
but downregulated by hLF-HSA. A  MMP1 expression lev-
els in the PC-14 cells treated with 5 µM of each protein (hLF, 
hLF-HSA, HSA, or concurrent addition of hLF and HSA 
[hLF + HSA]) to serum-free medium for 48  h. Relative band 
intensities are graphically represented (below).  B  MMP9 

expression in PC-14 cells treated with 5 µM of each protein 
(hLF, hLF-HSA, HSA, or concurrent addition of hLF and 
HSA [hLF + HSA]) to serum-free medium for 48  h. Relative 
band intensities are graphically represented (below). All data 
are represented as the mean ± SD (n = 3); non-significant (ns), 
*p < 0.05, ##p < 0.01, hLF vs. hLF-HSA
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cell proliferation in this assay, cells were pretreated 
with the proliferation inhibitor mitomycin C and sub-
sequently treated with each protein sample in serum-
free medium. hLF inhibited PC-14 cell migration 
after 48 h of incubation time. HSA also showed simi-
lar inhibitory effects. hLF-HSA exerted superior anti-
migratory effects on PC-14 cells compared with hLF 
and HSA. However, the concurrent addition of hLF 
and HSA (hLF + HSA) did not show any significant 
effects.

Migration of PC-14 cells was unexpectedly enhanced 
by hLF but suppressed by hLF-HSA based on 
migrating cell counts in a mechanical wound in a 
wound healing assay

Next, we evaluated the anti-migratory activities of 
the samples by counting the number of migrating 
cells in a mechanical wound using a wound healing 
assay (Fig.  2). To minimize cell proliferation, this 
assay was also performed using mitomycin C and a 
serum-free medium as above. Compared with the 
results based on wound widths, hLF greatly promoted 
PC-14 cell migration, HSA showed a slight inhibitory 
effect, hLF-HSA significantly reduced the migration 
of PC-14 cells, while the concurrent addition of hLF 
and HSA (hLF + HSA) significantly enhanced PC-14 

cell migration based on the high migration-promoting 
effects of hLF.

Boyden chamber assay shows that the migration of 
PC-14 cells was promoted by hLF but suppressed by 
hLF-HSA

Because the wound healing assay based on wound 
widths and the number of migrating cells yielded 
discrepant results in terms of the effects of hLF, a 
Boyden chamber assay was performed to evaluate the 
treated samples (Fig. 3). These results are consistent 
with those obtained in a wound healing assay based 
on the number of migrating cells. hLF enhanced 
PC-14 cell migration, HSA slightly suppressed 
migration, hLF-HSA suppressed migration, while the 
concurrent addition of hLF and HSA (hLF + HSA) 
enhanced migration, suggesting that covalent fusion 
between hLF and HSA is pivotal for the anti-migra-
tory activity of this treatment against cancer cells.

Upregulation of MMP1 expression by hLF and its 
downregulation by hLF-HSA

To elucidate the mechanism underlying hLF-induced 
cell migration and hLF-HSA-induced anti-cell 
migratory responses in PC-14 cells, we focused on 

Fig. 5  MMP inhibitor treatment abolishes the migrating 
PC-14 cells induced by hLF as confirmed by a wound-healing 
assay. A  PC-14 cells were treated with 5 µM of each protein 
(hLF, HSA, hLF-HSA or concurrent addition of hLF and HSA 
[hLF + HSA]) to serum-free medium with or without 20  µM 
MMP inhibitor for 48  h. Representative light microscopy 

images of migrating cells in a mechanical wound are shown. 
B Number of migrating cells in the mechanical wound in the 
presence or absence of an MMP inhibitor is graphically repre-
sented. All data are represented as the mean ± SD (n = 3); non-
significant (ns), *p < 0.05, **p < 0.01



635Biometals (2023) 36:629–638 

1 3
Vol.: (0123456789)

MMPs, which are implicated in cancer cell migra-
tion because of their ability to degrade barriers 
formed by the extracellular matrix (Gonzalez-Avila 
et al. 2019). Moreover, hLF has been reported to be 
a transactivator of MMP1 (Oh et  al. 2001). Thus, 
we examined MMP1 expression in treated PC-14 
cells. Consistent with the experimental observa-
tions of PC-14 cell migration, hLF and hLF-HSA 
enhanced and suppressed MMP1 expression in PC-14 
cells, respectively, as confirmed by western blotting 
(Fig. 4). Meanwhile, the expression levels of MMP9, 
which has been implicated in cancer migration, were 
unchanged in the treated samples, suggesting that 
MMP1 expression is regulated by hLF and hLF-HSA.

Increased cell migration of PC-14 cells induced 
by hLF can be attenuated by an MMP inhibitor, as 
confirmed by a wound healing assay

An MMP inhibitor (IIomastat) was used to investi-
gate whether MMP1 expression regulated by hLF 
and hLF-HSA led to enhanced and suppressed cell 
migration, respectively, using a wound healing assay 
(Fig.  5). As a background control, the MMP inhibi-
tor attenuated PC-14 cell migration by approximately 
44%. The MMP inhibitor also attenuated hLF-medi-
ated PC-14 cell migration to a level similar to that 
of the control. In the presence of the MMP inhibitor, 
cells treated with the concurrent addition of hLF and 
HSA [hLF + HSA] showed a slight decrease in migra-
tion while cells treated with HSA or hLF-HSA did 
not show changes in migration. Taken together, the 
elevated MMP1 expression induced by hLF increased 
cell migration while the downregulated MMP1 
expression induced by hLF-HSA robustly suppressed 
cancer migration.

Discussion

Cancer metastasis is the process by cancer cells 
spread from the primary site of origin to form new 
tumors in other parts of the body, and it is a leading 
cause of cancer mortality (Fares et al. 2020). There-
fore, approaches for the prevention of metastatic can-
cer are considered promising therapeutic strategies 
(Schegoleva et al. 2022). Cancer cell migration is the 
directed movement of individual cancer cells (single-
cell migration) and cell sheets and clusters (collective 

cell migration) in response to mechanical and/or 
chemical signals, which play central roles in the pro-
cess of cancer metastasis (Lintz et al. 2017). Thus, in 
the present study, we focused on cancer cell migra-
tion to explore the potential use of hLF and hLF-HSA 
as anti-metastatic drugs.

Although few studies have focused on the abil-
ity of hLF to promote cancer metastasis (Au-Yeung 
et al. 2020) or cancer cell migration (Ha et al. 2011), 
the inhibitory effects of LF on cancer metastasis, 
invasion, and migration have been reported in a sub-
stantial number of publications (Cutone et al. 2020). 
Knockout of LF in mice has been reported to facili-
tate metastasis of transplanted human melanoma cells 
to the lungs (Wei et  al. 2020). This previously pub-
lished study indicates that mouse LF plays a role in 
inhibiting metastasis.

In the current study, two widely available assays, 
namely, a wound healing assay (Grada et  al. 2017) 
and Boyden chamber assay (Katt et  al. 2016), were 
chosen to evaluate the effects of hLF and hLF-HSA 
on PC-14 cancer cell migration. Two different assay 
formats were used when the wound healing assay was 
employed to examine cell motility. One is based on 
measuring the wound width (Fig. 1), which is a more 
commonly used format (Grada et  al. 2017), and the 
other is based on counting the number of migrating 
cells in a mechanical wound (Fig.  2). Surprisingly, 
these two assay formats provided opposite results 
regarding the effects of hLF (Figs. 1 and 2). A pos-
sible explanation for this discrepancy is the different 
contributions of cell proliferation to each assay for-
mat, although the proliferation inhibitor mitomycin 
C and serum-free medium were used in the assays. 
However, both assay formats clearly showed that hLF-
HSA robustly blocked cancer cell migration (Figs. 1 
and 2). The Boyden chamber assay also showed the 
same results as the wound healing assay, in which 
the hLF-induced promotion of migrating cells and 
hLF-HSA-induced complete inhibition of cancer cell 
migration were determined (Fig.  3). Therefore, the 
results indicate that hLF promotes cancer cell migra-
tion while hLF-HSA remarkably suppresses it. Here 
in this study, HSA alone was found to exhibit its 
anti-migratory effects on PC-14 cells (Figs. 1, 2 and 
3). The fusion of HSA to hLF led to the synergistic 
action of hLF and HSA. To our knowledge, there are 
no previous reports on the anti-migratory properties 
of HSA.
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The use of hLF produced in A. niger may raise 
potential concerns about its glycosylation-dependent 
properties (Zlatina and Galuska 2021). hLF expressed 
in A. niger has high-mannose structures, whereas 
CHO-derived hLF has mammalian sialylated glycans 
(Kruzel et al. 2013). This different glycosylation pat-
tern may lead to discrepant results between hLF and 
hLF-HSA in this study. However, like hLF produced 
in A. niger, hLF derived from both rice (Lacromin, 
InVitria, Junction City, KS, USA) and transgenic 
goats (Neolactoferrin, Transgenepharm LLC, Mos-
cow, Russia) (Goldman et  al. 2012) also promoted 
the migration of PC-14 cells (data not shown). These 
results indicated the possibility that the amino acid 
sequence of hLF participates in its induced promotion 
of migrating PC-14 cells. In any case, the migration-
promoting effects of hLF produced in CHO cells need 
to be further clarified.

In terms of the mechanism by which hLF and hLF-
HSA modulate cancer cell migration, we found that 
the regulation of MMP1 expression by hLF and hLF-
HSA could at least partly account for their effects on 
cancer cell migration (Fig. 4). In the presence of an 
MMP inhibitor, hLF-treated PC-14 cells exhibited a 
reduction in cell migration to the basal levels of the 
control while hLF-HSA-treated cancer cells did not 
exhibit such a change and presented migration levels 
lower than those of the control, which suggests that 
hLF-HSA might function in cell migration pathways 
other than MMP1-related cell migratory signaling 
(Fig. 5).

Reports have indicated that the binding of hLF to 
its receptor low-density lipoprotein receptor-related 
protein 1 (LRP-1) leads to elevated MMP1 expression 
in chondrocytes (Brandl et al. 2010). hLF is a transac-
tivator of MMP1 expression (Oh et al. 2001). These 
reports support hLF-induced cell migratory signaling 
via MMP1 in cancer cells. A recent report described 
that hLF elicited cell migratory signaling through 
MMP1 in human ovarian cancer cells (Au-Yeung 
et al. 2020).

To date, the molecular mechanisms underlying the 
enhanced anti-migratory activities of hLF-HSA in 
cancer cells are unknown. The concurrent addition 
of hLF and HSA did not show any effect, indicating 
the importance of the fusion between hLF and HSA. 
To confirm this finding, the preparation of hLF-HSA 
with a cleavable linker between hLF and HSA in cells 
would be useful.

Recently, we found that the fusion of HSA with 
hLF is required for the enhanced intracellular uptake 
and anti-proliferative effects of hLF on cancer cells 
(Kurimoto, D. et  al., manuscript in preparation). 
Thus, similar to the anti-proliferative effects of hLF-
HSA on cancer cells, the enhanced inhibitory effects 
of hLF-HSA on cancer cell migration may be related 
to its intracellular uptake. Intracellular expression of 
hLF in nasopharyngeal carcinoma has been reported 
to suppress invasiveness (Deng et al. 2013). However, 
further research is needed to determine the mecha-
nism underlying the enhanced anti-migratory activity 
of hLF-HSA in cancer cells.

Conclusion

Although hLF unexpectedly promoted the migration 
of PC-14 lung cancer cells, the fusion of HSA with 
hLF (hLF-HSA) clearly blocked this enhanced cell 
migration. Regulation of MMP1 expression by hLF 
and hLF-HSA accounts for at least a proportion of 
their effects on the migration of PC-14 lung cancer 
cells.
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