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Abstract
Breast cancer is the most frequently diagnosed cancer among women worldwide. Here, recombinant human lactoferrin 
(rhLf) expressed in Pichia pastoris was tested for its potential cytotoxic activity on a panel of six human breast cancer cell 
lines. The rhLf cytotoxic effect was determined via a live-cell HTS imaging assay. Also, confocal microscopy and flow 
cytometry protocols were employed to investigate the rhLf mode of action. The rhLf revealed an effective CC50 of 91.4 
and 109.46 µg/ml on non-metastatic and metastatic MDA-MB-231 cells, with favorable selective cytotoxicity index values, 
11.68 and 13.99, respectively. Moreover, rhLf displayed satisfactory SCI values on four additional cell lines, MDA-MB-468, 
HCC70, MCF-7 and T-47D (1.55–3.34). Also, rhLf provoked plasma membrane blebbing, chromatin condensation and cell 
shrinkage in MDA-MB-231 cells, being all three apoptosis-related morphological changes. Also, rhLf was able to shrink 
the microfilaments, forming a punctuated cytoplasmic pattern in both the MDA-MB-231 and Hs-27 cells, as visualized in 
confocal photomicrographs. Moreover, performing flow cytometric analysis, rhLf provoked significant phosphatidylserine 
externalization, cell cycle arrest in the S phase and apoptosis-induced DNA fragmentation in MDA-MB-231 cells. Hence, 
rhLf possesses selective cytotoxicity on breast cancer cells. Also, rhLf caused apoptosis-associated morphologic changes, 
disruption of F-actin cytoskeleton organization, phosphatidylserine externalization, DNA fragmentation, and arrest of the 
cell cycle progression on triple-negative breast cancer MDA-MB-231 cells. Overall results suggest that rhLf is using the 
apoptosis pathway as its mechanism to inflict cell death. Findings warranty further evaluation of rhLf as a potential anti-
breast cancer drug option.
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Introduction

Lactoferrin (Lf), an iron-binding monomeric glycoprotein, 
is one of the components of the innate immune system in 
mammals [1]. Lf is present in almost all body fluids, con-
taining its maximum concentration in colostrum (up to 7 mg/
ml) and milk (2 mg/ml) [2]. Considered as a nutraceutical 
protein [3], the free Lf found in human serum, tears, semen, 
saliva and other secretions [4], possess immunomodulatory, 
antimicrobial, antioxidant and anticarcinogenic activities 
[5]. Lf (formerly known as lactotransferrin) is a well-con-
served glycoprotein of around 80 kDa with approximately 
700 amino acid residues. However, its length varies in amino 
acid number according to different species; human Lf is 
comprised of a 711 amino acids peptide [6].
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Cancer is the second leading cause of death worldwide, 
which was just surpassed by heart disease [7]. Globally, 
approximately one in six deaths is due to cancer [7]. In Janu-
ary 2016, more than 15.5 million Americans were alive with 
a history of cancer [8]. In the US, around 1,735,350 new 
cancer cases are predicted to be diagnosed in 2018 [8]. Also, 
approximately 609,640 Americans are anticipated to die of 
cancer in 2018, which translates to a rate of 1670 deaths 
per day [8]. Breast cancer is the most commonly diagnosed 
cancer in women worldwide [7]. In the US, about 268,670 
new cases of breast cancer are expected to be detected for 
2018; 266,120 women and 2550 men. In addition, it is pre-
dicted that 41,400 deaths (40,920 women and 480 men) from 
breast cancer will occur during 2018 in the US [8]. In the 
US, around 1,762,450 new cancer cases are predicted to be 
diagnosed in 2019 [8]. Also, approximately 606,880 Ameri-
cans are anticipated to die of cancer in 2019, which trans-
lates to a rate of 1662 deaths per day [8]. Breast cancer is 
the most commonly diagnosed cancer in women worldwide 
[7]. In the US, about 271,270 new cases of breast cancer are 
expected to be detected for 2019; 268,600 women and 2670 
men. In addition, it is predicted that 42,260 deaths (41,760 
women and 500 men) from breast cancer will occur during 
2019 in the US [8]. Currently, oncological treatments may 
involve radiation, chemotherapy and/or surgeries, which 
implies severe physiological and psychological damage for 
patients undergoing such procedures. With all those alarm-
ing numbers and the undesired secondary effect provoked 
by the presently available anticancer therapies, it is therefore 
imperative to identify and validate novel effective experi-
mental compounds with anticancer activity and furthermore, 
with anti-breast cancer effects.

In line with the above context, Lf has been studied for 
its anticarcinogenic effect [9, 10]. It has been shown that 
Lf exerts cytotoxic activity on various cancer cells, and 
also, the bioactive lactoferrin-derived peptides were able to 
induce programmed cell death in cancer cells [11]. Moreo-
ver, it has been shown that Lf induced a disruptive effect in 
the cell cycle profile, being able to arrest cells at different 
facets of the cell cycle, depending on the cancer cell type 
studied [12]. On the other hand, Lf is a molecule capable of 
chelating iron ions, transfer iron to cells and also has an anti-
cancer activity based on its ability to balance this ion in the 
blood and external secretions [13]. Previously, it was dem-
onstrated that tumor cells demanded higher concentrations 
of iron to grow and also, the genes implicated in iron uptake 
were highly over-expressed in tumor cells [14]. Therefore, 
Lf could be additionally implicated in the mechanisms of 
cancer drug resistance related to iron metabolism [15], and 
also, on induction of ferroptosis, an iron-related cell death 
mechanism [16, 17].

In the present study, recombinant human lactoferrin 
(rhLf) expressed in the yeast Pichia pastoris, exerted a 

selective cytotoxic effect on human triple negative breast 
cancer cells, with minimum damage on non-cancerous 
breast cells. Also, results suggest that rhLf used the apop-
totic pathway as a mechanism to inflict its cytotoxic activity, 
as evidenced by provoking cellular morphological changes 
associated with apoptosis, such as; disruption of the F-actin 
microfilaments, externalization of phosphatidylserine, 
apoptosis-induced DNA fragmentation, and alteration of 
the normal cell cycle progression. With these findings, the 
panorama of possibilities for the generation of new natural 
pharmacological alternatives in cancer patients is opened.

Materials and methods

Enzymes, strains, and culture conditions

All restriction enzymes were purchased from Invitrogen® 
(Carlsbad, CA, USA). Escherichia coli (E. coli) BL21DE3 
(Invitrogen®) was used as a host for plasmid propagation. 
Pichia pastoris (P. pastoris) X33 (provided by CIAD, Cd. 
Cuauhtémoc, Chih. Mexico) was used for protein expression. 
E. coli BL21DE3 was cultured at 37 °C in Luria–Bertani 
(LB) broth (10 mg/L tryptone, 5 mg/L yeast extract, 10 mg/L 
NaCl) and LB plates (15 mg/mL agar) supplemented with 
zeocin (25 µg/mL) as the selective marker. P. pastoris was 
cultured at 30 °C and 250 rpm on YPD (1% yeast extract, 
2% peptone, 2% dextrose) broth and YPD plates (20 mg/mL 
agar) supplemented with zeocin (200 mg/L) as the selective 
marker.

Cloning of the human lactoferrin (HLF1) gene and P. 
pastoris transformation

The HLF1 gene is comprised of an open reading frame 
(ORF) of 2331 bp in size, encoding for 711 amino acids 
polypeptide with a predicted molecular weight of 78.4 kDa 
and an estimated PI of 8.12 (Protein calculator v3.4 http://
protc​alc.sourc​eforg​e.net/cgi-bin/protc​alc). The human 
lactoferrin gene (GeneBank accession number M83202.1; 
isolated from mammary gland tissue of 8 months pregnant 
female adult) was modified in silico, using SnapGene® 4.1.9 
software, to optimize the codon usage in P. pastoris; also, 
silent point mutations were made to eliminate undesirable 
restriction sites, and the six-histidine tag was added at the 
carboxyl terminus of the sequence. In silico modified human 
lactoferrin sequence was sent to GenScript® (Piscataway, 
NJ, USA) to be cloned into pPICZα vector (Invitrogen®) 
and give rise to pIGF5 (Iglesias-Figueroa-IGF) genetic 
construct. The genetic construction was transformed into 
E. coli BL21DE3 competent cells, and six putative clones 
were verified by DNA enzymatic restriction analysis. After 
characterization, one selected clone was linearized with 

http://protcalc.sourceforge.net/cgi-bin/protcalc
http://protcalc.sourceforge.net/cgi-bin/protcalc
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SacI, and 500 ng of linearized DNA was used to transform 
P. pastoris X33 electrocompetent cells. The transformation 
was achieved using a MicroPulser BioRad (BioRad, Hercu-
les, CA, USA) according to the manufacturer’s instructions. 
After 3 days of incubation in the presence of the selective 
marker (200 mg/L zeocine), zeocin-resistant clones were 
isolated for analysis.

Molecular analyses and rhLf protein induction 
expression

Pichia pastoris colonies carrying the plasmid of interest 
were selected on the basis of their zeocin-resistance marker. 
Additionality, to confirm the presence of the hLf gene in the 
zeocin-resistance selected colonies, single colony PCR was 
performed. A yeast colony surpassing the two selection req-
uisites was grown in YPD (10% yeast extract, 20% peptone 
and 20% d-glucose) broth containing 200 mg/mL zeocine at 
30 °C at 250 rpm for 24 h. Then, the cells were harvested by 
centrifugation and incubated at a seeding density of 0.1–0.2 
optical density (OD) in BMMY medium [100 mM potassium 
phosphate, pH 6.0, 1% yeast extract, 2% peptone, 1.3% yeast 
nitrogen base (YNB), 400 µg/L biotin and 0.5% methanol] 
to induce the expression of rhLf. Methanol was again added 
to a final concentration of 0.5% (v/v) every 24 h for 96 h to 
maintain the induction according to the method described 
in [18]. After 96 h, the cells were harvested by centrifuga-
tion at 5000 rpm for 10 min at 4 °C, and the culture medium 
supernatant was collected and tested for the presence of the 
rhLf secretion using 12% SDS-PAGE.

Protein purification and western blot analysis

The yeast culture supernatant was dialyzed against PBS pH 
7.4 for 24 h. After dialysis, the protein extracts were puri-
fied using a high-affinity Ni-Charged Resin (GenScript®) 
according to the manufacturer’s instructions to obtain puri-
fied rhLf protein. The content of endotoxin levels in the puri-
fied rhLf was measured with ToxinSensor TM Chromogenic 
LAL Endotoxin Assay Kit (GenScript®) which can detect 
until 0.25 EU/mL according to the manufacturer’s instruc-
tions. Purified rhLf was boiled with 1 × loading buffer sam-
ple for 5 min and separated by SDS-PAGE using 12% resolv-
ing and 5% staking acrylamide gel. Separated proteins via 
electrophoresis were stained with Coomassie Brilliant Blue 
R-250 to determine protein expression levels. Pre-stained 
protein marker for western blot analysis (20–250 kDa, Inv-
itrogen) was used as molecular weight standards. After elec-
trophoresis, the separated proteins were transferred from the 
gels onto a polyvinylidene fluoride (PVDF) microporous 
membrane (Pierce, Rockford, IL, USA) and blocked over-
night at 4 °C using 5% (w/v) bovine serum albumin (BSA) 
dissolved in Tris-buffered saline (TBS). The blot was then 

incubated overnight at 4 °C with primary antibody anti-6X 
His tag rabbit polyclonal antibody (Origene Technologies, 
Inc., Rockville, MD USA) at a dilution of 1:1000 in 5% 
w/v of skim milk in TBS-T (0.001% Tween) overnight at 
4 °C. Unbound antibody was washed away with TBS-T three 
times for 15 min each, followed by addition of a secondary 
antibody (polyclonal goat anti-rabbit conjugated to horserad-
ish peroxidase; Thermo Scientific) at a dilution of 1:10,000 
in TBS-T and additionally incubated for 1 h at room tem-
perature. Unbound antibodies were again washed away with 
TBS-T 3 times for 15 min. Subsequently, an ECL substrate 
(Thermo Scientific) was added, and the membrane was 
exposed to a chemiluminescent detection system (iBright 
FL1000 imaging system; Thermo Scientific).

Cell lines and cell culture conditions

All the seven mammalian cells used in this study were 
derived from human tissues and were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA), 
except the MDA-MB-231/LM2-4 that was a generous gift 
from Professor Giulio Francia at UTEP [19]. The human 
triple-negative breast cancer-derived MDA-MB-231 [19], 
its lung metastatic (LM) variant MDA-MB-231/LM2-4 
[20], the triple negative breast cancer MDA-MB-468 [21] 
and human non-cancerous fibroblast Hs27 cell lines were 
grown in DMEM medium (Corning, Corning, NY) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS: 
Corning), 100 U/mL penicillin and 100 µg/mL streptomycin 
(Life Technologies, Grand Island, NY). The breast cancer 
MCF-7 cell line [22], positive for estrogen (ER+), progester-
one (PR+) and glucocorticoid receptors (GR/NR3C1+), were 
growth as the above four cell lines, with an extra addition 
of 10 µg/mL of insulin. The triple negative breast cancer 
HCC70 cells [23] were maintained in RPMI (Thermo Fisher 
Scientific Inc.) supplemented with 10% FCS and penicillin/
streptomycin. The poorly metastatic breast cancer T-47D 
cells [24], with estrogen and progesterone receptor (ER+ 
and PR+), were cultured as the HCC70 with the addition of 
0.2 U/mL of insulin. The human non-tumorigenic epithelial 
breast-derived MCF-10A cell line [25], used as a control, 
was cultured in DMEM/F12 medium (Life Technologies) 
supplemented with 10% FBS, 10 µg/ml recombinant human 
insulin (Sigma), 20 ng/ml epidermal growth factor (Pep-
rotech, Rocky Hill, NJ, USA), 0.5 µg/ml hydrocortisone 
(Sigma), 2.5 mM l-glutamine (Life Technologies), 100 U/ml 
penicillin and 100 µg/ml streptomycin (Life Technologies) 
as previously described [26]. All breast-derived cancer cell 
lines were from female donors and used for the cytotoxicity 
experiments [27], whereas the Hs27 cell line was derived 
from a male donor, which was used only for the cytoskeleton 
analysis. Consistently, the growth conditions for all the cells 
were at 37 °C in a humidified 5% CO2 atmosphere. Cells 
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were prepared as previously recommended to guarantee high 
viability [28].

Differential nuclear staining (DNS) assay 
to determine rhLf cytotoxicity activity

All breast-derived cancer cell lines (Table 1), growing in a 
mid-exponential phase (60–70% confluence) were washed 
with fresh media, to remove debris and floating cells, which 
correspond mainly to dead cells. Then, adherent (living) cells 
were detached by addition of 0.25% trypsin solution (Invitro-
gen, Carlsbad, CA), diluted in serum-free DMEM medium, 
and incubated for approximately 10 min at 37 °C [29]. After 
harvested, cells were counted using a Neubauer chamber and 
seeded into a 96-multi-well tissue culture plates at a density 
of 10,000 cells in 100 µl/well of complete media, followed 
by overnight incubation. Next, cells were treated with 5, 10, 
and 50 µg/ml of rhLf for 24 h. The following controls were 
concurrently included in this series of experiments: 5% v/v 
of H2O treated cells as a solvent control, untreated cells and 
as a positive control for cytotoxicity, cells treated with 2 mM 
of H2O2. The differential nuclear staining (DNS) assay was 
utilized to determine the percentages of cell death [26, 28, 
30, 31]. Briefly, two fluorescence DNA binding dyes were 
used: Hoechst 33342 (Invitrogen, Eugene, OR), a cell mem-
brane permeable fluorophore labeling living and dead cells, 
thus, providing with the total number of cells, and propidium 

iodide (PI; MP Biomedicals, Solon, OH), a dye just staining 
cells with compromised plasma membrane, specifying the 
total number of dead cells. Two hours before of completion 
the 24 h incubation period, a mixture of Hoechst and PI 
was added to the cells for staining purposes, reaching a final 
concentration of 5 µg/ml each dye. Subsequently, images 
were captured in a live-cell manner directly from each well 
of the 96-well plates, by using an IN CELL 2000 bioimager 
system (GE Healthcare, Chicago, IL). Montages (2 × 2) from 
four adjacent image fields were acquired per well to acquire 
suitable numbers of regions of interest (ROIs = cells), utiliz-
ing a × 10 objective and from two individual fluorescence 
channels accordingly; Hoechst (blue; 451 nm) and PI (red; 
617 nm) emission signals. Data analysis and image segmen-
tation were accomplished by using the IN Cell Investigator 
software (GE Healthcare), specifically designed to assist the 
bioimager system. Next, the rhLf concentration killing 50% 
of the cell population (cytotoxic concentration 50%; CC50) 
was calculated via linear interpolation (https​://www.johnd​
cook.com/inter​polat​or.html).

Analysis of cellular morphological changes induced 
by rhLf

The MDA-MB-231 cells growing in plates as described 
above were treated with 50 µg/ml of rhLf and incubated for 
24 h. Next, cells were stained as above by using the DNS 
assay and images were captured in a live-cells mode utilizing 
a confocal microscope (LSM 700; Zeiss, New York, NY). 
Also, confocal images from untreated cells were captured 
for comparison purposes. Three individual images were 
acquired, brightfield (differential interference contrast, 
DIC), Hoechst and PI channels by using a Zen 2009 soft-
ware (Zeiss), a specifically designed program to assist the 
confocal microscope.

Preparation of microplates to determine the rhLf 
effect on the cytoskeleton architecture

For this series of experiments, a confocal microscope 
approach and the human MDA-MB-231 and Hs27 cell lines 
were utilized. Before to prepare an experimental 96 multi-
well plate, cells were processed as described above and 
seeded at a density of 2500 cells in 100 µl/well of complete 
media; this time, the 96 multi-well plates were optically 
clear, tissue culture-treated imaging plates (BD Falcon, Cat 
No. 353219). Due that a high magnification objective was 
utilized to capture the images, wells located in the outermost 
perimeter of the plate were not used. Then, microplates were 
incubated overnight to promote cell attachment. Next, MDA-
MB-231 cells were incubated with 100 µg/ml (CC50) of rhLf 
for 2 and 4 h, respectively. As a control, human fibroblast 
Hs27 cells were incubated with 100 µg/ml of rhLf. Controls 

Table 1   The 50% cytotoxic concentration (CC50) exhibited by rhLf 
on a panel of six human cancer and one non-cancerous breast derived 
cell lines and its selective cytotoxicity index (SCI)

a The selective cytotoxicity index (SCI) was determined as follow: 
SCI = CC50 of non-cancerous cells/CC50 of cancer cells, as previously 
described [20]
b Human triple negative breast cancer MDA-MB-231 cell line; non-
metastatic
c Lung metastatic (LM) variant derived from MDA-MB-231 cells [19]
d Human triple negative breast cancer MDA-MB-468 cell line
e Human triple negative cancer HCC70 cell line
f Human MCF-7 breast cancer cell line with estrogen, progesterone 
and glucocorticoid receptors
g Human breast cancer with progesterone receptor T-47D cell line
h Non-cancerous human epithelial MCF-10A cell line from breast tis-
sue origin used as reference to determine the SCI

Cell line CC50 (µg/ml) SCIa

MDA-MB-231b 109.46 11.68
MDA-MB-231 LM2-4c 91.4 13.99
MDA-MB-468d 491.8 2.60
HCC70e 823.6 1.55
MCF-7f 382.2 3.34
T-47Dg 491.5 2.60
MCF-10Ah 1279.4

https://www.johndcook.com/interpolator.html
https://www.johndcook.com/interpolator.html
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included in this series of experiments were as follow: 5 µg/
ml cytochalasin D, an inhibitor of the actin polymerization; 
1 µM paclitaxel, as tubulin depolymerization inhibitor; 
1% v/v DMSO and 5% v/v H2O as solvent controls; and 
untreated cells.

Cell fixation and cytoskeleton staining protocol

After terminated the incubation time, without removing the 
growing media, each well was gently added with 100 µl of 
freshly prepared 8% of formaldehyde as a fixative solution, 
reaching a final formaldehyde concentration of 4%, and incu-
bated for 20 min at room temperature. Then, the fixative 
solution was removed, and each well was added with 200 µl 
of 0.1% Tween 20 v/v in PBS for washing and permeabiliza-
tion purposes and incubated for 10 min at room temperature. 
Two additional washes with the last solution (0.1% Tween 
20 in PBS) were made. For blocking purposes, after remov-
ing the permeabilizing solution, 200 µl of 5% w/v of bovine 
serum albumin (BSA; Sigma) dissolved in TBS-T (Tris-buff-
ered saline containing 0.5% v/v of Tween-20) buffer were 
added per well and incubated for 1 h on a rocker platform or 
rotating device at room temperature. Then, cells were triple 
stained with 50 µl of a 0.1% v/v of Tween 20 PBS solution 
per well, containing 5 µg/ml of DAPI (Invitrogen), 0.165 µM 
of Alexa Fluor 568-conjugated phalloidin (Invitrogen) and 
0.5 µg/ml of Alexa Fluor 488-conjugated anti-α-tubulin 
monoclonal antibody (clone DM1A; Thermo Fisher Scien-
tific, Rochester, NY) by incubating 1 h at room temperature 
in the dark on a rocker platform. Thus, labeling nuclei, actin 
microfilaments (F-actin) and microtubules (polymerized 
tubulin), respectively. Next, cells were washed three times 
using 200 µl of the permeabilizing solution as described 
above; at the end, 200 µl of the permeabilizing solution was 
left in the well. Then, images were captured in three fluores-
cence channels (Alexa-488, Alexa-568, and DAPI) by using 
a confocal microscope (LSM-700; Zeiss) equipped with an 
EC Plan-Neofluar 40x/1.30 oil DIC objective [32]. If the 
fluorescence signals were dissipated or photobleached, it 
was possible to re-stain the cells using the same mixture as 
above described, obtaining very bright signals again. During 
the whole process, cells were never dry.

Analysis of the apoptosis/necrosis pathway 
via annexin V‑FITC/PI assay

The MDA-MB-231 cells seeded at a density of 100,000 
cells/well in 1 ml of complete media, using a 24-well plate 
format (BD Falcon), were incubated overnight to promote 
cell attachment and recuperation of the cell manipula-
tion. Subsequently, cells were added with 100 µg/ml of 
rhLf and incubated for 24 h. In this series of experiments, 
the included controls were 5% v/v H2O solvent control, 

untreated cells and as a positive control of apoptosis, cells 
treated with 2 mM of H2O2. Once that cells were collected 
and washed with ice-cooled PBS in a flow cytometric tube, 
they were dual stained by resuspending them with 100 µl of 
binding buffer containing annexin V-FITC and PI follow-
ing manufacturer’s recommendations (Beckman Coulter, 
Miami, FL). Briefly, after gentle homogenization, the cells 
resuspended with the staining mixture solution were incu-
bated on ice for 15 min in the dark, and then, added with 
300 µl of the ice-cold binding buffer, and immediately ana-
lyzed via flow cytometer (Gallios, Beckman Coulter) [33]. 
Approximately, 10,000 events (cells) were acquired for each 
sample. Two-parameter flow cytometric dot plots separated 
into four quadrants were utilized to acquire the percentages 
of apoptosis and necrosis values. For this purpose, the FL1 
and FL2 detectors were placed along the x-axis and y-axis, 
respectively. For the interpretation of the four subpopula-
tions provided by this type of analysis consult the following 
publications [26, 34]. All experimental points and controls 
were performed in quadruplicate. Data acquisition and anal-
ysis were accomplished by using Kaluza software (Beckman 
Coulter).

Examination rhLf effect on cell cycle profile 
via cellular DNA content and flow cytometry

The MDA-MB-231 cells seeded at a density of 25,000 cells/
well in 1 ml of complete media were exposed to 6.76 and 
9.48 µg/ml of rhLf for 72 h; 24-well plates were used for this 
purpose. Then, floating and adherent cells (detached with 
trypsin) were collected, centrifuged and gently resuspended 
in 100 µl of PBS. Then, added with 200 µl of nuclear isola-
tion medium (NIM)-4,6-diamidino-2-phenylindole (DAPI) 
solution (NIM-DAPI; Beckman Coulter) and immediately 
processed via flow cytometry [26, 35]. Approximately, 
20,000 events were acquired per sample by using a flow 
cytometer equipped with a 405 nm laser (Gallios; Beckman 
Coulter), a single cell gate and an FL9 detector. The analysis 
of cell cycle phase distribution was accomplished via Kaluza 
software (Beckman Coulter) by setting four gates in each 
single parameter histograms: as an indicator of apoptosis-
induced DNA fragmentation, sub-G0/G1, hypodiploid; G0/
G1, diploid; S, hyperdiploid; and G2/M, tetraploid [34]. 
Four replicas were performed for each experimental point 
and their associated controls.

Selective cytotoxicity index analysis

The selective cytotoxicity index (SCI) for rhLf was calcu-
lated as follow: SCI = CC50 of non-cancerous cells divided 
by CC50 of cancer cells. SCI denotes the capability of an 
experimental compound to kill cancer cells efficiently with 
minimal toxicity to non-cancerous cells [26]. SCI values 
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of 1 or less are suggestive of lack of selective cytotoxicity, 
whereas SCI values bigger than 1 are indicative of advan-
tageous selective toxicity of the experimental compound 
towards cancer cells, as compared with non-cancerous cells 
[26]. SCI values > 1 are highly desired for any potential anti-
cancer compound.

Statistical analysis

Two-tailed paired Student’s t test was used to determine the 
statistical significances of two experimental samples (http://
stude​ntstt​est.com/). A value of P < 0.05 was deemed signifi-
cant to denote whether comparisons of two treatments have 
statistical significance. The results are depicted as an average 
with their corresponding standard deviation.

Results

Plasmid construct and rhLf purification

After P. pastoris transformation with pIGF5 carrying the 
hLf gene (Fig. 1), a selected colony was grown in a culture 
broth (see “Materials and methods”), the supernatant was 
collected, dialyzed and purified by using high-affinity Ni-
charged resin affinity column. An aliquot of purified rhLf 
was analyzed by running an SDS-PAGE. After staining with 

Coomassie blue, the presence of a band of around 80 kDa 
was confirmed, which correspond to the molecular weight of 
human lactoferrin (Fig. 2a). Additionally, the presence of a 
single homogenous band equivalent to the molecular weight 
of hLf (~ 80 kDa) was confirmed with anti-his tag antibody 
and western blot analysis (Fig. 2b). These results indicate 
that the expression and purification of free-endotoxin rhLf 
from P. pastoris were accomplished, and suitable to perform 
further biological experiments.

Determination of the rhLf cytotoxic concentration 
50% in human breast‑derived cell lines

The cytotoxicity provoked by a concentration gradient of 
purified rhLf protein on MDA-MB-231, MDA-MB-231 
LM2-4, and MCF-10A cell lines was quantified after 24 h 
of incubation. In Fig. 3 cytotoxicity percentages and repre-
sentative images of live and dead cells used to quantify this 
percentage of experimental compound-mediated cytotoxicity 
in MDA-MB-231 cells are depicted. In this series of experi-
ments, only cells derived from female donors were included, 
to circumvent the gender-related dissimilarities [27, 36, 37]. 
For this purpose, a live-cell DNS assay, validated for high 
throughput screening initiatives [28], and an IN Cell bioim-
ager system (GE Healthcare) was used. To eliminate the cell 
death background, inherent to the cell culture manipulations, 
data were normalized by subtracting from each experimental 

Fig. 1   The hLf open reading frame (ORF; 2136 bp) was cloned into 
pPICZα vector (Invitrogen), flanked by α-factor secretion signal 
and 6xHis tag, at 5′ and 3′ terminus, respectively. Additionally, sev-
eral silent point mutations were introduced to eliminate undesired 
restriction sites and they are indicated by vertical arrows, including 

the nucleotide change and position (bp) in the rhLf ORF sequence. 
The resulting plasmid was named as pIGF5 (IGF-Iglesias Figueroa). 
AOX1, the alcohol oxidase 1 promoter from P. pastoris. The BleoR 
gene conferred the resistance to zeocin, a selective antibiotic for 
transformation

http://studentsttest.com/
http://studentsttest.com/
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value the percentage of cell death obtained from solvent con-
trol (H2O)-treated cells, followed by calculating the CC50 by 
linear interpolation (https​://www.johnd​cook.com/inter​polat​
or.html). Findings indicate that the rhLf CC50 values from 
MDA-MB231 and MDA-MB-231 LM2-4 cell lines were the 
lowest, being of 109.46 and 91.4 µg/ml and, respectively 
(Table 1). Also, the two additional triple negative cells, 
MDA-MB-468 and HCC70, displayed rhLf CC50 values of 
491.8 and 823.6 µg/ml, respectively (Table 1). Furthermore, 
the rhLf CC50 values from MCF-7 cells was of 382.2 µg/
ml, whereas the CC50 from T-47D cells was of 491.5 µg/ml 
(Table 1). Also, the rhLf CC50 obtained from non-cancerous 
epithelial MCF-10A cells was of 1279.48 µg/ml, being the 
highest as compared with all the breast cancer cells ana-
lyzed in this study (Table 1). Additionally, rhLf exhibited a 
favorable selective cytotoxicity index (SCI) on all six breast 
cancer cells tested, being the most effective of 11.68 and 
13.99 for non-metastatic MDA-MB-231 and metastatic 
MDA-MB-231-LM2-4 cells, respectively (Table 1). Thus, 
the rhLf revealed to be similarly effective on non-metastatic 
MDA-MB-231 and metastatic MDA-MB-231-LM2-4 cells, 

with high favorable SCI values (more than 11), as com-
pared with non-cancerous breast-derived MCF-10A cells 
(Table 1). Based on the above findings and due that is a 
prototype for the study of poorly differentiated hormone-
independent breast cancer, the MDA-MB-231 cell line was 
selected for the next series of experiments.

Analyses of cellular morphological changes caused 
by rhLf on MDA‑MB‑231 cancer cells

The MDA-MB-231 triple negative breast cancer cells grow-
ing in 96-well plates were treated with 50 µg/ml of rhLf 
for 24 h, followed by Hoechst and PI DNS assay. In order 
to monitor cellular morphological changes, images were 
captured in a live-cell mode via a confocal microscope. 

Fig. 2   The rhLf protein expression and purification analysis revealed 
the presence of a ~ 80  kDa protein via both SDA-PAGE (a) and 
western blots (b). Histidine (6x) tagged rhLf protein expressed in 
P. pastoris clone was purified from the yeast culture supernatant, 
by immobilized nickel affinity chromatography. After electrophore-
sis, an acrylamide gel was stained with Coomassie brilliant blue (a) 
and after western blotted was exposed to anti-his tag antibody (b): 
1—molecular weight markers (MW) in kDa; 2—commercial bovine 
lactoferrin; 3—Histidine (6x) tagged rhLf protein partially purified; 
4—a culture supernatant protein extracts from non-transformant P. 
pastoris, used as negative control

Fig. 3   The rhLf induces cytotoxicity on MDA-MB-231 cells in a 
dose-depended manner. Cells were exposed to a concentration gradi-
ent of rhLf and incubated for 24 h. Differential nuclear staining assay 
and a bioimager system were used to determine the cytotoxicity per-
centages (a; y-axis). When experimental samples were compared with 
solvent, 5% v/v H2O, (*) and untreated control cells (‡), the P values 
were of < 0.0001 and < 0.0001, respectively (a). Cells treated with 
2 mM of H2O2 were used as positive control for cytotoxicity (a, e). 
Each experimental point represents the average of four replicas and 
error bars their corresponding standard deviation (a). A portion of 
representative live-cell images, merging the Hoechst and propidium 
iodide (PI) channels, used to obtain the cytotoxic activity are depicted 
in b–e. Nuclei exhibiting a blue signal are considered to be living 
cells, whereas nuclei exhibiting magenta color, as a consequence of 
Hoechst and PI colocalization signal, are consider dead cells (b–e). 
Cytotoxic concentration 50% (CC50; in µg/ml) is defined as the lacto-
ferrin’s concentration required to disrupt the plasma membrane of 
50% of the cell population after 24 h of incubation. CC50 was calcu-
lated via linear interpolation (https​://www.johnd​cook.com/inter​polat​
or.html)

https://www.johndcook.com/interpolator.html
https://www.johndcook.com/interpolator.html
https://www.johndcook.com/interpolator.html
https://www.johndcook.com/interpolator.html
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The results indicate that rhLf inflicts cell death, provoking 
morphological changes associated with apoptosis in MDA-
MB-231 cells, such as cell shrinkage, blebbing and nuclear 
condensation (Fig. 4a–d). Interestingly, a fluorescent signal 
(reddish) inside of the blebs was visualized, most likely due 
to the presence of small DNA fragments that were released 
from the nuclei to the cytoplasm and forming complexes 
with PI (Fig. 4c, d). This observation suggests that rhLf is 
also able to cause apoptosis-induced DNA fragmentation. 
For comparison purposes, live-cell images from untreated/
healthy MDA-MB-231 cells are depicted in Fig.  4e–h. 
Thus, based on cellular morphological changes, it appears 
that rhLf is using the apoptosis pathway, as a mechanism to 
inflict its cytotoxicity.

rhLf provokes an alteration of the cytoskeleton 
structure

Based on the above findings, the potential perturbing effect 
of rhLf on two major polymerized proteins forming the 
cytoskeletal structure, actin-microfilaments, and tubulin-
microtubules, were analyzed via immunocytochemistry and 
confocal microscopy. For this purpose, the MDA-MB-231 
and Hs27 cell lines were used. The inclusion of the human 
fibroblastic Hs27 cells as a control was due to their morphol-
ogy, which is larger and flatter than breast-derived cells and 
their processes are elongated. Therefore, changes in their 

cytoskeleton structure are easier to be visually detected. 
Cells in 96-well plates were exposed to rhLf, followed by 
formaldehyde-fixation, Tween 20-permeabilization, and 
BSA-blocking procedures. Next, in a single step, cells were 
stained with anti-tubulin-Alexa 488 (green; microtubules), 
phalloidin-Alexa 568 (red; microfilaments) and DAPI (blue; 
nuclei). Subsequently, images were captured in three sepa-
rate channels accordingly to the fluorophore’s specifications. 
After 2 h of rhLf-treated MDA-MB-231 cells, it was noticed 
that the actin filamentous shape had disappeared. However, 
the Alexa-568 signal was detected to form an abundant 
punctuated pattern finely distributed in the whole cytoplasm 
of the cells (white arrows are just signaling three of these 
actin aggregations; Fig. 5a; Alexa-568 channel). In addition, 
cell size was appeared similar to the control cells after 2 h 
of exposure (Fig. 5d, e, h). On the other hand, the microtu-
bules structure of the MDA-MB-231 cells appeared to be 
unaffected by rhLf (Fig. 5a). Nevertheless, after 4 h of rhLf 
exposure, the actin filamentous disorganization was more 
accentuated, forming larger and brighter amorphous F-actin 
clusters (red), considered as aggresomes [38, 39], localized 
toward the periphery of the cells, as compared with cells 
treated for 2 h of rhLf, as well as to the control cells (Fig. 5a, 
b, d, e, g). Concomitantly, cytosol shrinkage was evident 
at 4 h of incubation (4 h; Fig. 5b; Alexa-568 channel). To 
this point, the F-actin microfilament disruption provoked 
by rhLf on MDA-MB-231 cells resembles the alteration 

Fig. 4   The rhLf inflicts cell death, DNA fragmentation and morpho-
logical changes associated with apoptosis in MDA-MB-231 triple 
negative breast cancer cells. Cells were exposed to 50 µg/ml of rhLf 
for 24 h and double stained with Hoechst and PI. Representative live-
cell confocal microscope images, captured using Hoechst channel 
(nuclei; a), brightfield differential interference contrast (DIC; b), pro-
pidium iodide channel (c) and overlay of the preceding three images 
(d), are depicted. The black head arrows are indicating the blebs 

formation, whereas the redhead arrows are denoting cell shrinkage 
and chromatin condensation, dead cells, PI positive. Also, the white 
head arrow is signaling a cell with a non-condensed nucleus, non-cell 
shrinkage and non-blebs formation, as well as PI negative, therefore 
a living cell. Also, as above, live-cell images from untreated cells are 
depicted as follow: e Hoechst channel (nuclei); f brightfield; g pro-
pidium iodide channel; and overlay of the preceding three images (h). 
Scale bar = 10 µm
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profile induced by cytochalasin D (Fig. 5b, c; Alexa-568 
channel), which also caused large cytoplasmic F-actin 
aggregation. However, these F-actin aggregates induced by 
cytochalasin D on MDA-MB-231 were mainly localized in 
the nuclear periphery space (Fig. 5c; Alexa-568 channel and 
merged image). When analyzing the effect of rhLf on Hs-27 
fibroblasts, a similar pattern was seen to the one detected 
in MDA-MB-231 cells, with loss of actin microfilaments 
organization and abundant punctuated F-actin clusters in the 
cytoplasm (white arrows; Fig. 6a; Alexa-568 channel). In 
rhLf-treated Hs-27 cells, also as was seen in MDA-MB-231 
the microtubules organization was visually unchanged 
(Fig. 6a; Alexa-488 channel). As expected, cytochalasin 
D-treated Hs-27 cells exhibited a distorted microfilament 
organization, provoking cytoplasmic F-actin aggresomes 
formation (white arrows; Fig. 6b; Alexa-488 channel). As 
expected, both paclitaxel-treated MDA-MB-231 and Hs-27 
cells showed microtubule shortening without disrupting 
their filamentous shape (Figs. 5f, 6e; Alexa-488 channels) or 
decreasing the cell size. In addition, paclitaxel caused bleb-
bing on MDA-MB-231 cells (Fig. 5f; white arrows). Con-
sistently, DMSO-treated, H2O-treated and untreated control 
cells displayed unaltered organization in both microfilaments 
and F-actin microtubules structure (Figs. 5d, e, h, 6c, d, f; 
respectively). Thus, these analyses revealed that rhLf pro-
voked disorganization of the cytoskeleton architecture by 
altering the F-actin microfilaments network, as evidenced by 
the disappearance of filamentous actin (F-actin), concomi-
tant with aggresomes formation, in both MDA-MB-231 and 
Hs27 cells. Moreover, the increased changes in punctuated 
F-actin filaments aggregation exerted by rhLf occurred in a 
time-depended manner on MDA-MB-231 cells.

rhLf elicits phosphatidylserine externalization 
on breast cancer‑derived MDA‑MB‑231 cells

The rhLf mechanism of action was examined in more detail 
by analyzing an early biochemical event in cells undergoing 
apoptosis, the externalization of phosphatidylserine (PS) to 
the outer leaflet of the plasma membrane; an early hallmark 
of apoptosis [40]. MDA-MB-231 cells were treated with 

rhLf (100 µg/ml) for 24 h, followed by staining with annexin 
V-FITC and PI and their fluorescence signal was then moni-
tored via flow cytometry [29]. As expected, rhLf preferen-
tially induced apoptosis (28.3%), as compared to necrosis 

Fig. 5   The rhLf disrupted the F-actin (filamentous) cytoskeleton 
organization of MDA-MB-231 cells. Representative immunofluo-
rescence confocal microscopy images of MDA-MB-231 cells, tri-
ple stained with Alexa-568-conjugated phalloidin, Alexa-488 anti-
tubulin, and DAPI, displaying the microfilaments (actin; Alexa-568 
channel) and microtubules (tubulin; Alexa-488 channel) organiza-
tion and nucleus (blue channel), respectively. Cells were treated as 
follow: a for 2 h with rhLf; b for 4 h with rhLf; c with cytochalasin 
D; d untreated; e with H2O solvent control; f with paclitaxel; g with 
DMSO solvent control. The left column of images correspond to the 
F-actin microfilaments (red), and the center column microtubules 
(green) and the right column merged images of the Alexa-568 and 
Alexa-488 channels with DAPI (blue; nuclei) channel

▸
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Fig. 6   The rhLf disturbed the 
F-actin (filamentous) cytoskel-
eton organization of Hs27 cells. 
Representative immunofluo-
rescence confocal microscopy 
images of Hs27 cells, triple 
stained with Alexa-568-con-
jugated phalloidin, Alexa-
488 anti-tubulin, and DAPI, 
displaying the microfilaments 
(actin; Alexa-568 channel) and 
microtubules (tubulin; Alexa-
488 channel) organization and 
nucleus (blue channel). Cells 
were treated as follow: a with 
rhLf; b with cytochalasin D; c 
untreated; d with H2O solvent 
control; e with paclitaxel; f with 
DMSO solvent control. The left 
column of images correspond to 
the F-actin microfilaments (red), 
the center column microtu-
bules (Alexa-488) and the right 
column merged images of the 
Alexa-568 and Alexa-488 chan-
nels with DAPI (blue; nuclei) 
channel
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(0.85%) in MDA-MB-231 cells (Fig. 7). Furthermore, after 
the apoptotic percentages of rhLf-treated cells were com-
pared with H2O-treated and untreated cells, the P values 
were of 0.004123 and 0.002712, respectively (Fig. 7). Cells 
treated with solvent control (H2O) and the untreated cells 
did not display a substantial increase in both apoptosis and 
necrosis percentages (Fig. 7). As expected, the H2O2-treated 
cells (2 mM) showed a high percentage of apoptosis cells 
(53.62%). Thus, these findings suggest that rhLf is utilizing 
the apoptotic pathway to inflict its cytotoxicity, as evidenced 
by the PS externalization.

rhLf induces DNA fragmentation and alters the cell 
cycle of MDA‑MB‑231 cells

To gain insight into the potential mechanisms used by rhLf 
to inhibit cell proliferation and/or to induce cytotoxicity, 
analyses of the cell cycle profile were performed. For this 
initiative, MDA-MB-231 cells were treated with the rhLf 
CC10 (6.76 µg/ml) and CC20 (9.48 µg/ml) for 72 h, followed 
by their permeabilization and staining for analysis via flow 
cytometry [26, 35, 41]. Here, the cell cycle analysis was cen-
tered on differences in the cellular DNA content based on a 
nuclear isolation medium (NIM)-4,6-diamidino-2-phenylin-
dole (DAPI) solution (NIM-DAPI; Beckman Coulter) and 
recording their fluorescence signal intensity via a Gallios 
flow cytometer [26, 35, 41]. The amount of DAPI emission 
fluorescence signal is directly proportional to the cellular 

Fig. 7   The rhLf evokes significant phosphatidylserine externalization 
on MDA-MB-231 cells after 24 h of incubation. The rhLf mechanism 
of inflicting cell death, apoptosis or necrosis, was examined after cells 
were double stained with annexin V-FITC and PI and monitored via 
flow cytometry. The total percentage of apoptotic cell populations 
(y-axis) is expressed as the sum of both early and late stages of apop-
tosis (green bars), whereas that cells stained only with PI, were con-
sidered as necrotic cell population (also in y-axis; black bars; a). Each 
bar represents the average of four independent measurements, and 
error bars their corresponding standard deviation (a). Representative 

two-parameter flow cytometry dot plots used to acquire the percent-
ages of apoptotic and necrotic subpopulations (b–e). The following 
controls were included: cells treated with 5% v/v of H2O, as a solvent 
control (a, c); untreated cells as negative controls (a, d); and cells 
exposed to 2 mM of H2O2, as a positive control for cytotoxicity (a, 
e); analysis using two-tailed Student’s paired t test are included as P 
values (a). Approximately, 10,000 events (cells) were acquired per 
sample. For acquisition and analysis purposes, Kaluza flow cytometry 
software was used (Beckman Coulter)
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DNA content. Results indicated that the percentage of the 
sub-G0/G1 subpopulation from cells treated with 6.76 µg/
ml of rhLf was similar to the solvent (H2O) and untreated 
control cells (Fig. 8a, e, f, h). In contrast, cells exposed to 
9.48 µg/ml of rhLf displayed a higher percentage of the sub-
G0/G1 subpopulation (6%) and was deemed significant as 
compared with solvent and untreated control cells, with P 

values of 0.00033 and 0.00016, respectively (Fig. 8a, e, f, 
h). This sub-G0/G1 subpopulation (hypodiploid) is an indi-
cator of apoptosis-induced DNA fragmentation [34, 41]. In 
addition, these results support the assumption made during 
the morphological changes analysis via confocal microscopy 
experiments (above), indicating that the fluorescent signal 
inside of the blebs was probably due to the presence of small 

Fig. 8   The rhLf provoked apoptosis-induced DNA fragmentation 
and alteration of the cell-cycle distribution profile on MDA-MB-231 
cells after 72  h of incubation. Cells were collected, and in a single 
step were fixed, permeabilized, and DAPI-stained, followed by an 
examination via flow cytometer. a–d The quantification of event/
cell frequency percentages is included along with the y-axis, whereas 
the different treatments are plotted along the horizontal x-axis. Con-
trols for this series of experiments included: as a solvent control, 5% 
v/v H2O; as a positive control of cell cycle perturbation, 1 mg/ml of 
G418; and untreated cells. Each bar represents an average of four rep-
licates, and the error bars signify their corresponding standard devia-

tion. The significance difference (Student t test) between rhLf CC20 
(9.48 µg/ml) vs. H2O-treated (*) or untreated (‡) cells were consist-
ent with P < 0.01, respectively. e–h Representative single-parameter 
histograms, including four gates that encompassed the percentage of 
each cell subpopulation per phase of the cell cycle. Gates from left 
to right: sub-G0/G1, counted as apoptotic DNA fragmentation; G0/
G1, S, and G2/M. e–h Event (cells) counts are plotted along the 
y-axis, whereas DNA content is along the x-axis. Kaluza flow cytom-
etry software was used for sample acquisition and analysis purposes 
(Beckman Coulter)



574	 Apoptosis (2019) 24:562–577

1 3

DNA fragments-PI complexes. The percentages at G0/G1 
phase (diploid; 2N) obtained from 9.48 µg/ml rhLf-treated 
cells (45.98%) was significantly reduced (P < 0.01), as com-
pared with H2O-treated (56.97%) and untreated (56.39%) 
cells (Fig. 8b, e, f, h). Significant differences in the S phase 
(hyperdiploid) subpopulations of 9.48 µg/ml rhLf-treated 
cells were found, when compared with cells exposed to 
6.76 µg/ml of rhLf (P = < 0.0004), as well as to solvent and 
untreated controls, respectively (P < 0.01; Fig. 8c, e, f, h). 
Notably, this increment in the S phase subpopulation pattern 
provoked by rhLf resembled the arrest profile induced by 
the inhibitor of polypeptide synthesis, G418 (Fig. 8c, e, g). 
Cells exposed to rhLf with a G2/M DNA content (tetraploid; 
4N), displayed similar percentage values as the solvent and 
untreated controls, and therefore, non-significant differences 
were obtained (Fig. 8d, f, h). Based on this analysis strat-
egy, results suggest that rhLf is able to provoke apoptosis-
induced DNA fragmentation, and also, to arrest the cells 
in the S phase, altering the normal cell cycle progression. 
Moreover, both events occurred in a pronounced dose-
dependent modality.

Discussion

Breast cancer is the most frequent malignancy diagnosed in 
women worldwide. Therefore, in this study, rhLf was tested 
for its capability to kill a panel of six human breast cancer 
cell lines in vitro. Additionally, the mechanism used by rhLf 
was partially investigated. Moreover, by including a human 
non-cancerous epithelial cell line from breast and female 
origin, it was possible to investigate whether rhLf possess 
selective cytotoxicity (SCI) against breast cancer cells. 
Results revealed that rhLf kills efficiently both non-meta-
static and metastatic cells with similar CC50 values (109.46 
and 91.4 µg/ml, respectively), with much less noticeable tox-
icity on non-cancerous MCF-10A cells (CC50 of 1279.48 µg/
ml); a more than 11-folds difference (SCI). In addition, rhLf 
also exerted cytotoxicity on four additional human breast 
cancer cell lines, MDA-MB-468, HCC70, MCF-7 and 
T-47D, with CC50 values (382.2–823.6 µg/ml) higher than 
those displayed on MDA-MB-231 cells. Thus, the six breast 
cancer cell lines examined in this study exhibiting dissimilar 
hormonal receptors, including three triple-negative cell lines 
(MDA-MB-231, MDA-MB-468 and HCC70), were differ-
ently affected after rhLf exposure. These findings suggest 
that the cytotoxic profile exerted by rhLf on breast cancer 
cells could be hormone-independent breast cancer receptors.

A crucial reason why cancer cells are highly challeng-
ing to treat is due to their high rate of proliferation. Find-
ing novel experimental compounds that specifically kill 
cancer cells, with little, if any, activity on normal cells is 
highly desirable. Therefore, it is important to compare the 

cytotoxicity of a new experimental drug or compound on 
cancer and non-cancerous (“normal”) cell lines, to acquire 
its selective cytotoxicity by calculating its SCI. When the 
SCI value of an experimental compound is higher than 1, 
the compound is considered possessing selective cytotoxic 
against cancer cells [26]. A favorable SCI means that the 
experimental compound is effective in killing cancer cells 
while causing a minimal or no toxicity on normal (non-
cancerous) cells, a preferred characteristic to validate the 
effectiveness of a potential anticancer drug [26, 41]. In a 
previous work by Yang et al. [10], indicated that bovine 
lactoferrin (bLf) possessed selective cytotoxicity on breast 
cancer cells, as compared with MCF-10A cells, however, 
the SCI value was not included. In addition, Pereira et al. 
[42], claimed that bLf has selective cytotoxicity via apopto-
sis on breast cancer cells, however, the SCI value was also 
not determined. In this study, rhLf exhibited selective cyto-
toxicity on non-metastatic and metastatic MDA-MB-231 
cells (11.68 and 13.99, respectively). Also, the SCI values 
displayed by rhLf on four additional human breast cancer 
cell lines, MDA-MB-468, HCC70, MCF-7 and T-47D, were 
suitable (1.55–3.34). Therefore, rhLf is an attractive anti-
breast cancer drug.

Apoptosis is a multifaceted process implicating several 
morphological changes, like plasma membrane blebbing, 
cell shrinkage, and nuclear condensation. Using fluorescence 
staining (Hoechst and PI; DNS assay) and confocal micros-
copy the potential morphological changes induced by rhLf 
on MDA-MB-231 cells were visualized. A previous study 
has shown that bLf was unable to provoke morphological 
changes associated with apoptosis in MDA-MB-231 cells 
[43]. Conversely, in this study, findings indicated that rhLf 
was able to induce morphological changes associated with 
apoptosis in MDA-MB-231 cells, like cell shrinkage, plasma 
membrane blebbing and nuclear condensation (Fig. 4). 
Additionally, during this analysis, a fluorescence signal was 
observed inside of the blebs, probably due to the presence 
of DNA fragments forming complexes with PI and Hoechst, 
since both are DNA intercalators dyes.

These observations encouraged us to investigate the 
potential participation of the cytoskeleton in these cellular 
morphological changes. A plasma membrane bleb is the 
development of bubble-like cell-surface protrusion occur-
ring by losing contact between the cytoskeleton proteins 
and the plasma membrane during apoptosis [44]. To vali-
date whether the cytotoxicity provoked by rhLf involved the 
cytoskeleton disorganization on MDA-MB-231 and Hs27 
cells, fluorescence confocal microscopy analyses were 
conducted. The rhLf-exposed cells were labeled to detect 
the two major polymerized proteins forming the cytoskel-
eton, F-actin and tubulin, microfilaments and microtubules, 
respectively. These assays revealed that rhLf caused uncou-
pling of the normal cytoskeleton organization by disturbing 
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the F-actin microfilaments network, concomitant with 
formation of an irregular cytoplasmic punctuated pattern 
(aggresomes), in both MDA-MB-231 and Hs27 cells. Inter-
estingly, a similar F-actin perturbation effect was induced by 
bLf on breast T-47D cells [42].

Under homeostasis, the distribution of phospholipids is 
asymmetric in the plasma membrane of eukaryotic cells. 
This asymmetrical distribution of phospholipids has impor-
tant functions in vivo [45]. Normally phosphatidylserine 
(PS) is predominantly confined to the cytoplasmic leaflet 
of the plasma membrane and disruption of this asymme-
try, leading to externalization of PS to the surface of the 
cell, play a central role as a recognition signal to activate 
phagocytes and to promote the blood coagulation cascade; 
and is a well-established biochemical hallmark in apoptosis 
[46]. This event is easily detected by using an annexin V 
protein (∼ 36 kDa), which possess a high affinity for PS. 
Moreover, when using the double annexin V-FITC and PI 
staining approach and flow cytometry, it is possible to dis-
cern whether a cytotoxic experimental compound is using 
the apoptosis or necrosis pathway to inflict its cell death. 
Previous studies have demonstrated that by using bLf and 
breast cancer cell lines, no apoptotic cells with PS external-
ized were detected after a 72 h period of treatment [43]. In 
another study, PS externalization induced by bLf in breast 
cancer Hs 578T and MDA-MB-231 cell lines after 48 h of 
treatment was detected [42]. More recently, it was reported 
that bLf activated apoptosis via PS externalization in pros-
tate cancer PC-3 and osteosarcoma MG-63 cells after 48 h 
and 72 h of incubation, respectively [47]. In our study, rhLf 
elicited significant PS externalization (P = 0.004) on triple 
negative MDA-MB-231 cells after 24 h of exposure. This 
result suggests that rhLf expressed in P. pastoris is able to 
induce apoptosis.

We next sought to analyze the cell cycle profile to further 
elucidate in more detail the mechanism that rhLf uses to 
inflict its cytotoxic effect. A late biochemical event in cells 
experiencing apoptosis is their DNA fragmentation, which 
is mainly provoked by an endogenous caspase-3-activated 
deoxyribonuclease (CAD), during the execution phase of 
apoptosis [48]. In this biochemical event, CAD causes deg-
radation of chromatin, generating small fragments of DNA 
that diffuse out of the nucleus, originating a cell subpopula-
tion with hypodiploid DNA content easily detected via flow 
cytometry during cell cycle analysis. This sub-G0/G1 (hypo-
diploid) subpopulation appears to the left side of the single 
parameter (DAPI; FL-9 detector) flow cytometric histograms 
and it is interpreted as cells experiencing apoptosis-induced 
DNA fragmentation [34, 49]. A previous report indicated 
that bovine Lf caused cell cycle arrest in several breast can-
cer cell lines, however, this arrest was in the G2 phase for the 
MDA-MB-231 cells [43]. In that study, no fraction of cells 
at the sub-G0/G1 phase was detected. In addition, in head 

and neck cancer cells rhLf arrested the cell cycle at the G0/
G1 checkpoint [50]. Moreover, rhLf caused growth arrest at 
the G1 to S transition on breast MDA-MB-231 cells [51]. 
Here, we confirmed that rhLf indeed causes the arrest of the 
cell cycle, at the S phase in MDA-MB-231 cells, resembling 
the pattern displayed by the G418 inhibitor of polypeptide 
synthesis included as a control in this series of experiments. 
Furthermore, in our hands rhLf was also able to elicit DNA 
fragmentation, as evidenced by an increase of the sub-G0/G1 
subpopulation, supporting the above morphological obser-
vations where a fluorescence signal was detected inside of 
the plasma membrane blebs. Thus, our results suggest that 
rhLf alters the cell cycle and induces DNA fragmentation.

In conclusion, our findings demonstrate that rhLf 
expressed in P. pastoris elicited effective toxicity on a 
highly malignant and aggressive non-metastatic and met-
astatic human triple negative MDA-MB-231 cells, with 
favorable SCI values, as compared with human non-can-
cerous epithelial MCF-10A cells. In addition, our rhLf 
elicited morphological and biochemical characteristics of 
apoptosis on MDA-MB-231 cells. These morphological 
alterations included plasma membrane blebbing, prob-
ably linked to the disappearance of F-actin shape struc-
tures, cell shrinkage and nuclear/chromosome condensa-
tion, being all three apoptosis-associated morphological 
changes. In addition, the biochemical alterations provoked 
by rhLf in MDA-MB-231 cells included PS externaliza-
tion, apoptosis-induced DNA fragmentation, and arrest 
of the cell cycle progression; all hallmarks of apoptosis. 
Our data suggest that rhLf could be useful in controlling 
effectively the proliferation of human breast cancer cells, 
with minimum damage to normal cells. Furthermore, the 
rhLf anti-breast cancer activity merits to be tested on an 
animal model.
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