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A B S T R A C T

GPC3 is a proteoglycan involved in the control of proliferation and survival, which has been linked to several
tumor types. In this respect, we previously demonstrated that normal breast tissues exhibit high levels of GPC3,
while its expression is diminished in tumors. However, the role of the GPC3 downregulation in breast cancer
progression and its molecular and cellular operational machineries are not fully understood.

In this study we showed that GPC3 reverts the epithelial-to-mesenchymal transition (EMT) underwent by
mammary tumor cells, blocks metastatic spread and induces dormancy at secondary site. Using genetically
modified murine breast cancer cell sublines, we demonstrated that the phospho-Erk/phospho-p38 ratio is lower
in GPC3 reexpressing cells, while p21, p27 and SOX2 levels are higher, suggesting a dormant phenotype. In vivo
metastasis assays confirmed that GPC3 reexpressing cells reduce their metastatic ability. Interestingly, the
presence of dormant cells was evidenced in the lungs of inoculated mice. Dormant cells could reactivate their
proliferative capacity, remain viable as well as tumorigenic, but they reentered in dormancy upon reaching
secondary site. We also proved that GPC3 inhibits metastasis through p38 pathway activation. The in vivo in-
hibition of p38 induced an increase in cell invasion of GPC3 reexpressing orthotropic tumors as well as in
spontaneous and experimental metastatic dissemination.

In conclusion, our study shows that GPC3 returns mesenchymal-like breast cancer cells to an epithelial
phenotype, impairs in vivo metastasis and induces tumor dormancy through p38 MAPK signaling activation.
These results help to identify genetic determinants of dormancy and suggest the translational potential of re-
search focusing in GPC3.

1. Introduction

Breast cancer is the neoplasia with the highest incidence as well as
the main reason of cancer death in women (Torre et al., 2017). Even
though many clinical therapies for reducing breast cancer mortality
have been developed, metastasis still remains inadequately treated
(Lorusso and Ruegg, 2012).

The epithelial-to-mesenchymal transition (EMT) is an embryonic
procedure restated in carcinoma cells for metastasizing (Buchanan
et al., 2011). Through this, cells of epithelial phenotype develop several
properties of mesenchymal ones, as loss of homotypic adhesion, for-
mation of actin stress fibers, increased migratory and invasive abilities,
lower levels of epithelial protein– like E-Cadherin - as well as

expression of mesenchymal markers, including vimentin (Gonzalez and
Medici, 2014). Different signals activate the EMT-inducing transcrip-
tion factors such as Snail1, Snail2 (SLUG), ZEB1 and ZEB2 (SIP1)
among others. These factors repress the E-Cadherin expression, the
main marker of the epithelial lineage. Additionally, the EMT process
can be blocked by others transcription factors - which induce MET- like
GRHL2 and ELF5, several microRNA (miR) families and p53 (De Craene
and Berx, 2013). When these tumor cells invade contiguous tissues and
reach circulation, they can continue viable as circulating tumor cells
(CTCs), before extravasation at remote sites and the formation of the
secondary tumors or metastatic foci (Buchanan et al., 2011). Im-
portantly, some disseminated tumor cells (DTCs) are able to keep at
distant organs under a viable and non-dividing status (Aguirre-Ghiso,
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2006). Dormancy is the term employed to describe the latent reversible
condition of these DTCs (Dittmer, 2017). Although the mechanism in-
volved in latent cells awakening that leads to local recurrence as well
metastasis development is not fully understood, it is suggested that the
acquisition of mutations together with microenvironmental changes
might induce it (Norkin et al., 2011). Several markers were associated
with dormancy, such as low ratio of phospho-Erk / phospho-p38
(Aguirre-Ghiso et al., 2003), high expression of the cell cycle inhibitors
p27 (Bragado et al., 2013) and p21 (Kobayashi et al., 2011), and up-
regulation of pluripotency related transcription factors like NANOG,
NR2F1, SOX9 and SOX2 (Sosa et al., 2015).

Proteoglycans (PGs) are a diverse glycoconjugates group, composed
of different post-translationally modified proteins with one or more
glycosaminoglycan chains (GAGs). Heparan sulfate (HS) and chon-
droitin sulfate (CS) are the two most common forms of sulfated GAGs.
Among heparan sulfate proteoglycans (HSPG) is Glypican-3 (GPC3). We
determined that this PG is extensively present in the embryo during
morphogenesis and that its levels change in stage- and tissue-specific
manner (Iglesias et al., 2008). However, GPC3 persists only in few adult
tissues, like mammary gland (Pellegrini et al., 1998). Numerous studies
have associated GPC3 with cell proliferation and apoptosis control
(Filmus et al., 2008), and changes in its expression have been reported
in cancer (Filmus, 2001). Interestingly, deregulation of GPC3 expres-
sion can both inhibit and promote tumor progression, depending on the
cellular context (Stigliano et al., 2009). In general, GPC3 is over-
expressed in tumors originated from GPC3-negative adult tissues,
whereas it is downregulated in tumors arising from GPC3-positive adult
tissues (Filmus and Selleck, 2001). So, several tumors overexpress
GPC3, like hepatocarcinoma (Capurro et al., 2003), Wilms (Toretsky
et al., 2001) and yolk sac tumors (Sugimura et al., 2004), although this
glypican is downregulated in others, such as ovarian (Lin et al., 1999),
gastric (Han et al., 2016), lung (Kim et al., 2003) and renal (Valsechi
et al., 2014) tumors, as well as mesothelioma (Murthy et al., 2000). Our
group analyzed human mammary gland, demonstrating the positive
expression of GPC3 in normal tissues, although it was not found in
tumors (Castillo et al., 2015). While GPC3 is downregulated in mam-
mary tumors, we showed that its reexpression in murine (Peters et al.,
2003) and human (Castillo et al., 2016) mammary cancer cell lines
inhibits invasion and metastasis. We recently reported the complex
connections through which the GPC3-regulated pathways are linked
(Fernandez et al., 2018). While GPC3 modulates Wnt pathway, it has
opposite effects depending on tumor type. Thus, GPC3 activates cano-
nical Wnt signaling in hepatocarcinomas and promotes tumor pro-
gression (Capurro et al., 2005). On the other hand, we analyzed breast
tumors and showed that GPC3 inhibits the β-Catenin/Wnt and PI3K/
AKT pathways as well as activates the Wnt/PCP and p38 ones
(Buchanan et al., 2010; Castillo et al., 2016; Stigliano et al., 2009).
Altogether, this data suggests a metastasis suppressor role for GPC3 in
the tumor mammary pathology (Buchanan et al., 2011).

It was shown that metastasis suppressors affect different phases of
the metastatic process and several of them induce dormancy at the
secondary site (Horak et al., 2008). Related to the putative function of
GPC3 as metastasis suppressor, in this work we corroborated that it
reverts the EMT underwent by murine mammary tumor cells. GPC3
reexpressing cells modulate their actin cytoskeleton structure, exhibit a
3D glandular-like arrangement, express the epithelial marker E-Cad-
herin while lose the mesenchyme-associated protein vimentin, reduce
the expression of EMT-inducing transcription factors Snail1 and ZEB1,
and are less metastatic. Interestingly, we showed that the phospho-Erk /
phospho-p38 ratio is lower in LM3-GPC3 cells, whereas p21, p27 and
SOX2 protein levels are higher, suggesting a dormant phenotype. Im-
portantly, the presence of dormant cells was evidenced in lungs from
intravenously injected mice. These dormant LM3-GPC3 cells reactivate
their proliferative capacity, remain viable, tumorigenic, but they re-
enter in dormancy upon reaching secondary colonization site. Our
studies imply GPC3 in breast tumor dormancy activation through a

system involving p38 MAPK. Although the in vivo inhibition of p38 does
not affect the tumor growth, it induces an increase in local invasion of
GPC3 reexpressing tumors, as well as in spontaneous and experimental
metastatic dissemination.

The EMT and dormant DTCs greatly complicate therapeutic strate-
gies, thus studying these processes serves as relevant approaches for
cancer treatment. Here we show a previously unrecognized GPC3 me-
chanism, where DTCs dormancy is regulated through the p38 MAPK
signaling pathway activation.

2. Materials and methods

2.1. Cell lines and culture proceedings

In this work we employed 4 cell sublines, derived of the murine
metastatic mammary adenocarcinoma cell line called LM3 (ER -, PR -,
Her2 +, GPC3 -) (Urtreger et al., 1997). LM3 cells were transfected
using pEF-BOS (Mizushima and Nagata, 1990) with the Hemagglutinin
A (HA)-tagged OCI-5/GPC3 cDNA or with the empty plasmid (Filmus
et al., 1995). After 400 μg/mL G418 (Gibco Life Technologies, Carlsbad,
CA, USA) antibiotic selection, transfected cells were cloned. We gen-
erated two sublines expressing GPC3 (LM3-GPC3 #1 and LM3-GPC3
#2) and two control sublines (LM3-vector #1 and LM3-vector #2)
(Peters et al., 2003).

All cells were maintained at 37 °C, 5% CO2, in minimum essential
medium (MEM) (41,500 Gibco Life Technologies, Carlsbad, CA, USA),
plus non-essential amino acids, 2 mM L-glutamine, 5% fetal calf serum
(FCS) (Internegocios, Buenos Aires, Argentina) and 80 μg/mL genta-
micin. Hoechst’s staining and qPCR were regularly employed to check
mycoplasma-free status.

2.2. In vitro pharmacological p38 inhibitor treatment

LM3-GPC3 cells were cultured 24 h without FCS, and then in-
cubated for additional 48 h with 15 μM SB203580 or DMSO (vehicle) as
control. This drug inhibits p38 catalytic activity by attaching to the ATP
binding pocket, although it does not inhibit phosphorylation of p38 by
upstream kinases (Kumar et al., 1999). RNA from treated cells was
extracted and analyzed by qPCR to determine p53 and p21 expression
levels.

2.3. Primary cultures

Lungs without metastatic nodules from mice intravenously in-
oculated with LM3-GPC3 sublines or lungs with metastasis from mice
injected with LM3-vector cells were dissected. Sterile phosphate-buf-
fered saline (PBS) was employed twice for washing the samples, which
were cut into small pieces of 1 mm. The fragments were incubated with
dissociative enzymes (Pronase 0.01 %, DNAse 2.4 mg/mL) during 30
min at 37 °C in agitation. Supernatants were then recovered, and the
undigested fragments were incubated with Pronase-DNAse solution for
additional 30 min. After the second digestion, the supernatant was
collected, combined with the first one and centrifuged at 150xg during
10 min. Pellets were resuspended in MEM (41,500 Gibco Life
Technologies, Carlsbad, CA, USA), 10 % FCS (Internegocios, Buenos
Aires, Argentina) plus 80 μg/mL gentamicin, and incubated in a petri
dish. After 24 h, new MEM was placed and 400 μg/mL G418 (Gibco Life
Technologies, Carlsbad, CA, USA) was added for selecting resistant
tumor cells. Primary cultures were maintained in the presence of the
antibiotic in the successive passages.

2.4. Cell morphology

LM3-GPC3 and LM3-vector sublines, as well as primary cultures
were analyzed in a NIKON Eclipse E-400 microscope (Nikon
Corporation, Tokyo, Japan) by phase contrast. Representative Bright
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Field (BF) images were taken.

2.5. Actin cytoskeleton organization

For F-Actin staining, cells were seeded on coverslips. When they
reached subconfluence, were washed with PBS and fixed in 0.4 %
paraformaldehyde during 15 min at RT. Cells were cleaned again and
then permeabilized employing 0.2 % Triton X-100 in PBS. Following 3
additional washes, monolayers were incubated with Phalloidin-Alexa
546 (1:500, Sigma-Aldrich, St. Louis, MO, USA) during 45 min. Mowiol
4–88 (Sigma-Aldrich, St. Louis, MO, USA) was used to mount the cov-
erslips. All procedures were performed in the dark. Fluorescence images
were captured by a NIKON Eclipse E-400 fluorescence microscope
(Nikon Corporation, Tokyo, Japan).

2.6. Non-adherent cell growth

To study the ability to form spheroids, 3 104 LM3-GPC3 or LM3-
vector clones were cultured in 24-well plate coated with 1 % agar
(Gibco LifeTechnologies, Carlsbad, CA, USA), in medium with 10 %
FCS. On the seventh day, cell aggregates were evaluated under NIKON
Eclipse E-400 microscope (Nikon Corporation, Tokyo, Japan).
Additionally, 0.4 % paraformaldehyde was used during 15 min to fix
cell clusters. Then, they were washed two times with PBS and stained
overnight employing 20 mg/mL propidium iodide in 0.1 % citrate
buffer-0.1 % Triton X-100. Cell aggregates were evaluated under Carl
Zeiss LSM 5 Pascal confocal microscope (Carl Zeiss AG, Oberkochen,
Germany) and representative images were taken.

2.7. Western blotting

PBS was used three times to wash subconfluent monolayers. Next,
they were incubated in lysis Buffer (1 % Triton X-100/PBS) plus pro-
tease inhibitors mix (Sigma-Aldrich, Saint Luis, MO, USA), during 45
min at 4 °C in agitation. Samples were centrifuged at 15,000xg for 15
min at 4 °C and supernatants were conserved.

Total protein concentration was determined by Bradford method.
The extracts were heated in Laemmli buffer plus 10 % β-mercap-
toethanol. SDS-PAGE was utilized to separate proteins, which were
shifted (0.6 A; 60 min) to PVDF membrane (Hybond-P, Amersham-GE
Healthcare, Little Chalfont, Buckinghamshire, UK) by "Mini Trans-Blot
module" (Bio-Rad, Hercules, CA, USA). Non-specific binding was pre-
vented through the incubation of membranes in 5 % non-fat milk or 5 %
BSA, 0.05 % Tween-20–Tris buffer saline (TTBS), for 1 h at RT. The
following primary antibodies were used overnight: anti-HA Tag (for
GPC3 detection, 1:500, Santa Cruz Biotechnology, Dallas, TX, USA),
anti-E-Cadherin (1:500, BD Bioscience, San Jose, CA, USA), anti-Snail
(1:1000, Cell Signaling, Danvers, MA, USA), anti-ZEB1 (1:500, Cell
Signaling, Danvers, MA, USA), anti-Vimentin (1:500; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-p38 (1:500; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-phospho p38 (1:200; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-Erk1/2 (1:500; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-phospho Erk1/2 (1:500; Santa
Cruz Biotechnology, Dallas, TX, USA), anti-p21 (1:200; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-p27 (1:200; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-SOX2 (1:500; Abcam,
Massachusetts, USA), anti-OCT 4 (1:500; Abcam, Massachusetts, USA),
anti-NANOG (1:500; Abcam, Massachusetts, USA), anti-α-Tubulin
(1:500; Abcam, Massachusetts, USA) and anti-β-Actin (1:5000, Sigma-
Aldrich St. Louis, MO, USA). Membranes were washed three times in
TTBS and then incubated during 1 h at RT with horseradish peroxidase-
labeled secondary antibodies goat anti-mouse (1:5000, Santa Cruz
Biotechnology, Dallas TX, USA) or goat anti-rabbit (1:5000, Sigma-
Aldrich St. Louis, MO, USA). To visualize bands, a chemiluminescent
reagent was employed. Images were obtained in a camera system for
chemiluminescence (ImageQuant LAS 500 chemiluminescence CCD

camera, GE, Schenectady, USA) and bands were densitometrically
evaluated (ImageJ1.49 m program).

2.8. PCRs (RT-PCR: reverse transcription polymerase chain reaction. qPCR:
quantitative polymerase chain reaction)

We obtained total RNA using TRI Reagent® (TR 118-Molecular re-
search Center, INC., Cincinnati, OH, USA). NanoDrop2000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA) was utilized
to quantify RNA and to analyze purity through the determination of
260/280 nm absorbance. Samples quality was evaluated by agarose gel.

For cDNA synthesis, reverse transcriptions were done. The reaction
mixes - 1 μg RNA treated with 1 unit DNase I (Thermo Fisher Scientific,
Waltham, MA, USA) and iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA, USA) - were incubated for 5 min at 25 °C, 20 min at 46 °C and 1 min
at 95 °C. The synthesized cDNA was treated with 1 unit RNase H
(Amersham-GE Healthcare, Little Chalfont, Buckinghamshire, UK), di-
luted in TE buffer and stored at −20 °C.

RT-PCR was done to evaluate if LM3 sublines were able to express
GPC3. The reactions included: 1.5 μL cDNA, forward and reverse pri-
mers for GPC3 or GAPDH (GPC3 Fw 5´GGAAGAAGGGAACTGATT
CAG3´, Rv 5´CACATCCAGATCATATGCCAG3´; GAPDH Fw 5´TGCACC
ACCAACTGCTTAGC3´, Rv 5´GGCATGGACTGTGGTCATGAG3´), 2 units
of Taq Polymerase (Thermo Fisher Scientific, Waltham, MA, USA), 50
mM MgCl and 1 mM dNTPs. We followed the protocol: 4 min at 94 °C,
27 cycles at 94 °C during 50 s at 55 °C and 1 min at 72 °C and one cycle
at 72 °C during 7 min. The same reaction was done employing positive
and negative controls. Agarose gels plus ethidium bromide were uti-
lized to analyze the reaction results.

qPCR was performed using the RT–PCR Kit (5x HOT FIREPol
EvaGreen qPCR Mix Plus, no ROX, Solis BioDyne, Tartu, Estonia).
Reactions contained: 2 μL cDNA (1:3), 5 μL 5x HOT FIREPol EvaGreen,
as well as forward and reverse primers (p21: Fw 5´GTCTGAGCGGCCT
GAAGATTC3´ Rv 5´TTCAGGGTTTTCTCTTGCAGAAG3´; p53: Fw 5´
CGACCTATCCTTACCATCATCACA3´ Rv 5´CACAAACACGAACCTCAAA
GCT3´; E-Cadherin: Fw 5´GCTCTCATCATCGCCACAG3´ Rv 5´CTGGGA
TGGGAGCGTTGTC3´; Vimentin: Fw 5´GAGATCGCCACCTACAGGAA3´
Rv 5´TCCATCTCTGGTCTCAACCG3´; GAPDH: Fw 5´TGCACCACCAAC
TGCTTAGC3´ Rv 5´GGCATGGACTGTGGTCATGAG3´; HPRT Fw 5´
CTGGTGAAAAGGACCTCTCGAAG3´ Rv 5´CCAGTTTCACTAATGACAC
AAACG3´). PCR was done in a Bio-Rad C1000 Thermal Cycler (Bio-Rad,
Hercules, CA, USA) as follows: 2 min at 50 °C, 15 min at 95 °C, and 40
cycles at 95 °C for 15 s, 20 s at 60 °C and 30 s at 72 °C. The 2−ΔΔCt

equation was utilized to obtain the relative mRNA levels of each gene.
Biological and technical replications were completed two or three
times.

2.9. In vivo assays

2.9.1. Animals
Assays were performed with 8-weeks old BALB/c female mice

(Instituto de Oncología "A. H. Roffo"). The study accompanied ethical
standards, following ARRIVE (Animal Research: Reporting of In Vivo
Experiments) procedures. The Animal Care and Use Committee of the
Universidad de Buenos Aires (CICUAL) approved these experiments. A
maximum of 5 animals were housed per cage, which were kept in a 12 h
dark / light regime, with water and food in pellets on demand.

2.9.2. Dormancy evaluation
2.9.2.1. Experimental lung metastasis. Mice (5 per experimental group)
were intravenously injected in the tail vein with 3 105 LM3-GPC3 or
LM3-vector cells, in 0.2 mL of MEM. After 21 days, animals were
euthanized; their lungs were removed, rinsed in PBS and analyzed
under a dissecting microscope. Metastatic nodules were recorded and
expressed as median (Md) and range (Rg). Some lungs were reserved for
primary cultures.
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2.9.2.2. Subcutaneous tumor. Animals (5 per experimental group) were
subcutaneously injected in the left flank with 4 105 “ex dormant”
primary culture cells, in 0.3 mL of MEM. Latency (days for the first
tumor palpation after injection) and tumorigenicity (number of animals
that developed tumors respect the total number of animals injected; %,
n/n) were registered. Tumor growth was monitored twice a week by
measuring with caliper the major and minor diameters and expressed as
volume (V = 0.5 x d2 x D (D long; d short diameters). We did growth
curves for each experimental group, from which the tumor growth rate
was obtained (expressed as cm3/day).

Tumor-bearing mice were euthanized at 35 days post-inoculation or
when tumor size exceeded ethical standards, or when the animal pre-
sented symptoms of pain. Necropsy was performed with special interest
in search metastatic foci in lungs and lymph nodes. Lungs were re-
moved and observed under a dissecting microscope. The number of
spontaneous metastatic nodules was recorded and expressed as median

(Md) and range (Rg). The metastasis incidence was also calculated and
showed as the number of mice displaying lung nodules based on the
total number of animals of the corresponding experimental group (%,
n/n). Some lungs were also preserved for primary culture.

2.9.3. In vivo p38 MAPK modulation
2.9.3.1. Experimental lung metastasis. Mice (5 for each experimental
group) intravenously inoculated in the tail vein with 3 105 LM3-GPC3
and LM3-vector clones, were simultaneously injected with 10 mg/kg
SB203580 (p38 MAPK inhibitor) or with vehicle (DMSO). The drug or
vehicle was administered once a day for 5 days. After 21 days animals
were euthanized, and the number of experimental lung metastatic
nodules was recorded and presented as median (Md) and range (Rg).

2.9.3.2. Subcutaneous tumor. 24 h post subcutaneous inoculation of 4
105 LM3-GPC3 and LM3-vector cells, animals (5 for each experimental

Fig. 1. Effects of GPC3 on cell growth, actin
cytoskeleton organization and EMT markers
expression. (A) Morphological and growth cell
characteristics. Top panel: 2D culture. Cells
were grown on coverslips and bright field (BF)
images were taken (scale bars 100 μm). To
study the actin cytoskeleton, cells were stained
with phalloidin-Alexa 546 and analyzed under
fluorescence microscope (scale bars 50 μm).
Images are representative of three independent
experiments. Bottom panel: 3D culture. Cells
were seeded in plates coated with 1 % agar.
After 7 days growing in suspension, the cell
aggregates were evaluated under microscope
(scale bars 100 μm). Additionally, spheroids
were stained with propidium iodide and eval-
uated under confocal microscopy. Photographs
were taken (scale bars 100 μm). Images are
representative of three independent experi-
ments. (B) EMT markers expression. Top panel,
Left: E-Cadherin mRNA expression levels were
quantified by qPCR and GAPDH was used as an
internal control. Bars represent mean
values± SD (*** p<0.001, ** p<0.005
ANOVA, Tukey´s multiple comparisons tests).
Right: WB analysis was employed to determine
E-Cadherin protein expression. β-Actin was
used as control. Numbers on the right represent
molecular mass (kDa). Middle panel:
Representative images of Snail1 (left), ZEB1
(right) and β-Actin (control) WBs are shown.
Bottom panel, Left: Vimentin mRNA levels were
determined using qPCR. Bars represent mean
values± SD (** p< 0.005 ANOVA, Tukey´s
multiple comparisons tests). Right: Vimentin
protein levels were analyzed by WB. β-Actin
was employed as seeding control. All showed
experiments are representative of two or three
independent ones.
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group) were intraperitoneally treated with 10 mg/kg SB203580 or with
DMSO. The drug or vehicle was administered once a day for 10 days.

Latency (days for the first tumor palpation after injection) and tu-
morigenicity (number of animals that developed tumors respect the
total number of animals injected; %, n/n) were registered. Tumor
growth was monitored twice a week as was above described. Briefly,
the major and minor diameters were measured by caliper and expressed
as volume (V = 0.5 x d2 x D (D long; d short diameters). Tumor growth
rate was obtained (expressed as cm3/day) from growth curves of each
experimental group. Macroscopic local invasion (ulceration) was ana-
lyzed and expressed as the number of animals with local invasion re-
spect to the total number of animals (%, n/n). 30 days post-inoculation
or when tumor size exceeded ethical standards, or when the animal
presented symptoms of pain, mice were euthanized, and necropsy was
performed. The number of spontaneous lung metastatic foci was re-
corded and presented as median (Md) and range (Rg).

2.10. Statistical analysis

Graph Pad Prism 8 was used to statistical analysis. Power calcula-
tion (Mann Whitney U test did at 90 % power at 5% significance) in-
dicated that n = 5 animals are suitable for statistical significance. Mice
were assigned to treatment groups by random sampling. The compar-
isons of tumor and metastatic incidence as well as macroscopic and
microscopic invasion data were done by chi-square test. Kruskal-Wallis
and Dunn´s tests were used to analyze difference among number of
metastatic nodules as well as tumor growth rates. Subcutaneous tumor
growth was tested employing exponential growth equation compar-
isons.

The results are shown as mean± SD, considering p<0.05 as sig-
nificant, and represent leastwise two independent assays.

3. Results

3.1. GPC3 reexpression induces alterations in morphology, 3D growth
properties as well as in epithelial and mesenchymal gene expression

LM3-GPC3 #1 and LM3-GPC3 #2 sublines were obtained from LM3
murine mammary adenocarcinoma cell line by transfection with a
plasmid containing the GPC3 cDNA and then cloned. Additionally,
LM3-vector #1 and LM3-vector #2 control cell sublines were generated
by transfecting with an empty plasmid (Peters et al., 2003). These cell
sublines share several features of human HER2-positive breast cancer
tumors (RE-, RP-, Her2+). As shown in Fig. S1, while LM3-vector cells
did not express GPC3, this glypican was detected both at mRNA (Fig.
S1A) and protein (Fig. S1B) levels in LM3-GPC3 sublines (periodically
checked).

We previously determined that GPC3 modulates several tumor
properties acquired by LM3 cells (Peters et al., 2003). We confirmed
that both GPC3 reexpressing and control sublines growth as epithelial
adherent cells in two-dimensional (2D) culture (Fig. 1A). Via phal-
loidin-Alexa 546 staining it was proved that GPC3 reexpression induces
the loss of F-actin stress fibers, which were present in control clones
(Fig. 1A). Moreover, we showed that when cells are grown on three-
dimensional culture (3D), LM3-vector sublines are unable to form
spheroids, or they only establish small colonies with poor/null cell-cell
contacts. However, LM3-GPC3 cells exhibited this ability (Fig. 1A). In
addition, we analyzed the structural organization of these 3D clusters.
We determined by propidium iodide staining and confocal fluorescence
microscopy, that LM3-GPC3 cell aggregates form lumens (Fig. 1A). This
organization is typical of normal mammary epithelial cells. LM3-vector
cell clusters did not arrangement these glandular-like structures.
Therefore, our data reinforces the hypothesis that this glypican leads to
a more normal epithelial phenotype, modifying the mesenchymal
properties acquired by LM3 cells. So, we proposed to complete the
analysis of the potential function of GPC3 in the EMT process. We

confirmed, by qPCR and WB, our earlier findings showing higher E-
Cadherin levels in GPC3 reexpressing cells (Fig. 1B, top panel.
p< 0.001 ANOVA). In agreement, we also found that the expression of
Snail1 and ZEB1 -two transcription factors involved in E-Cadherin
downregulation- is decreased in LM3-GPC3 sublines (Fig. 1B, middle
panel). Given the regulation of these EMT markers, we also examined
the levels of vimentin. We found that GPC3 induces a reduction in this
mesenchymal marker, both at mRNA and protein levels (Fig. 1B,
bottom panel. p< 0.05 ANOVA). These results, together with our
previous ones, support the idea that GPC3 is reversing EMT suffered by
mammary tumor cells.

3.2. GPC3 reexpression induces in vivo dormancy at the secondary tumor
site

Data presented in Fig. 1, as well as an exhaustive analysis of the
murine sublines previously performed (Buchanan et al., 2010;
Fernandez et al., 2018; Peters et al., 2003; Stigliano et al., 2009), led to
postulate that this glypican acts as a breast cancer metastasis suppressor
(Buchanan et al., 2011). In addition, we also determined that GPC3
suppresses metastasis in human mammary tumor models (Castillo et al.,
2016). Despite our consistent evidences, there is not a complete de-
scription of the GPC3 suppressive activity system.

It has been proposed that many metastasis suppressors promote
dormancy at the secondary site. Several authors have reported that a
decreased activity ratio of Erk to p38 determinates cellular dormancy
(Aguirre-Ghiso et al., 2003; Kobayashi et al., 2011; Lenk et al., 2017).
Since we previously informed that GPC3 modulates p38 MAPK pathway
activity (Buchanan et al., 2010; Fernandez et al., 2018), we decided to
calculate the phospho-Erk / phospho-p38 ratio in our cellular model. As
is shown in Fig. 2A, GPC3 reexpression did not induce any changes in
Erk phosphorylation levels. However, p38 phosphorylation was in-
creased in LM3-GPC3 cells. Thus, the Erk / p38 activity ratio was de-
creased by GPC3 reexpression. Similarly, the cell cycle inhibitors p21
and p27 were previously considered as dormancy markers (Bragado
et al., 2013; Kobayashi et al., 2011). In agreement, we found higher
basal p21 and p27 protein levels in LM3-GPC3 cell sublines (Fig. 2B). It
was also described that transcription factors initially defined in stem
cells from embryos can induce dormancy (Sosa et al., 2015). So, here
were evaluated SOX2, NANOG and OCT4 expression levels. Although
no signal was found for NANOG and OCT4 (data not shown), we de-
tected a moderate upregulation at protein level of SOX2 in LM3-GPC3
cell sublines (Fig. 2C). Altogether, our data indicate that breast cancer
cells exhibit dormant phenotype as a result of GPC3 reexpression.

Therefore, we performed in vivo assays to test whether GPC3 induces
metastasis suppression by maintaining the disseminated cell in a dor-
mant state. First, mice were intravenously injected with LM3-GPC3 and
LM3-vector cell sublines. In association with already presented results
(Peters et al., 2003), multiple metastatic lung foci were found in LM3-
vector-injected animals. In contrast, LM3-GPC3 cells significantly re-
duced their ability to form lung metastasis (Fig. 3, p< 0.005 Kruskal-
Wallis test). GPC3 induced a decrease in metastasis incidence, since
only 20 % of mice inoculated with GPC3 reexpressing cells showed lung
metastasis, while 100 % of animals inoculated with control sublines did
it (p< 0.005 chi-square test).

Next, we aimed to determine whether lungs of LM3-GPC3-in-
oculated mice has dormant tumor cells. For this, lungs from mice in-
oculated with GPC3 reexpressing cells (without metastasis), and lungs
from mice injected with control sublines (with macroscopic metastatic
foci) were cultured (Fig. 3). After 21 days of selection with 400 μg/mL
of G418, only antibiotic resistant LM3-vector or LM3-GPC3 cells re-
mained in the cultures. Surprisingly, despite that metastatic foci were
not detected, the presence of LM3-GPC3 cells was confirmed in primary
cultures. These results agree with the fact that dormancy is a reversible
state, since when latent cells are cultivated, they resume their growth
ability. We confirmed by RT-PCR that these dormant LM3-GPC3 cells
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still express the glypican (data not shown). Fig. 4A shows the mor-
phological features of primary culture cells, which exhibited an epi-
thelial appearance like their respective parental sublines (Fig. 1A).
Moreover, by phalloidin-Alexa 546 staining we determined that LM3-
GPC3 primary culture (or “ex dormant cells”) organize their cytoske-
leton similarly to the parental GPC3 reexpressing cells (Fig. 1A), lo-
cating actin at the cortical site. On the other hand, stress fibers were
found in LM3-vector primary culture cells (Fig. 4A) like in the parental
control ones (Fig. 1A). The expression of epithelial and mesenchymal
markers was also checked. We confirmed, by qPCR and WB, that E-
Cadherin levels are higher in LM3-GPC3 primary culture cells, while
vimentin is reduced (Fig. 4B, p<0.005 ANOVA test for E-Cadherin and
vimentin qPCRs).

We postulate that GPC3 function is limited to dormancy.
Consequently, its expression should not disturb tumor development. To
test this, mice were subcutaneously inoculated with primary culture
cells. As we previously determined with the parental sublines (Peters
et al., 2003), LM3-vector and LM3-GPC3 primary culture tumors has
comparable latency and growth rates (Table 1, ns Kruskal-Wallis test;
Fig. 5, ns Exponential growth equation). LM3-GPC3 “ex dormant” cells
were still viable and tumorigenic. Additionally, lung foci were studied
for determining the spontaneous metastatic ability. We established that
the number of macroscopic nodules is significantly lower in mice in-
oculated with GPC3 reexpressing primary culture cells (Table 1,
p< 0.005 Kruskal-Wallis test). Moreover, the metastasis incidence was
also lower. We found that all mice carrying primary culture control
tumors develop metastasis, but only 20–40 % of LM3-GPC3 primary
culture tumor- bearing mice exhibited lung metastatic nodes (Table 1,
p< 0.05 chi-square test). Interestingly, we proved that lungs from
primary culture LM3-GPC3 tumor-bearing mice that did not exhibit
metastasis, has dormant cells. As was performed with parental sublines,
lungs without metastatic foci were cultured and selected with 400 μg/
mL of G418. The presence of LM3-GPC3 cells was confirmed. We also

checked by RT-PCR that these dormant cells still express GPC3 (data
not shown). In sum, LM3-GPC3 “ex dormant” cells enter in a dormant
non-dividing sate at distant organ, but can cross the total of metastasis
stages. We demonstrated that dormant LM3-GPC3 cells can reactivate
their proliferative capacity, remain viable and tumorigenic, but they re-
enter in a dormant state upon reaching secondary tumor colonization
site.

3.3. GPC3 reexpression induces dormancy through p38 MAPK pathway
activation

As was mentioned, we demonstrated that GPC3 inhibits breast
cancer metastatic spread (Fig. 3, p< 0.005 Kruskal-Wallis test and
(Peters et al., 2003). Given that a p38 signaling activation was detected
in GPC3 reexpressing cells (Fig. 2A middle panel and (Buchanan et al.,
2010; Fernandez et al., 2018) and since p38 determinates cellular
dormancy (Aguirre-Ghiso et al., 2003; Kobayashi et al., 2011; Lenk
et al., 2017), we next aimed to study whether GPC3 inhibits metastatic
spread through the p38 MAPK activation.

As technical strategy we repressed the p38 MAPK signaling by
employing the pharmacological inhibitor SB203580. First, we corro-
borated that this drug inhibits the p38 pathway activity in our cellular
model. As seen in Fig. S2, the treatment with SB203580 significantly
reduced the expression of the p38 transcriptional targets p53 and p21.
Next, LM3-GPC3 or LM3-vector sublines were subcutaneously in-
oculated into BALB/c mice, and the p38 inhibitor SB203580 (or DMSO
as control) was intraperitoneally administered for 10 days.

We determined that LM3-GPC3 and LM3-vector sublines generate
subcutaneous tumors, which show similar latency and tumorigenic
capacity, irrespective of SB203580 treatment (Table 2). In addition, the
inhibition of p38 did not affect the LM3-vector nor LM3-GPC3 tumor
growth (Table 2, ns Kruskal-Wallis test; Fig. 6A, ns Exponential growth
equation). However, while only 20–40 % of LM3-GPC3 + DMSO

Fig. 2. Effects of GPC3 on dormancy markers expression. Total protein extracts were analyzed by WB. β-Actin or α-Tubulin was used as an internal control. Numbers
on the right represent molecular mass (kDa). Representative images of three independent experiments are showed. (A) Left panel: phospho-Erk/Erk; Middle panel:
phospho-p38/p38; Right panel: ratio of phospho-Erk to phospho-p38. (B) Left panel: p21; Right panel: p27. (C) SOX2.
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tumors showed macroscopic invasion compared to 80−100 % of LM3-
vector + DMSO ones, the SB203580 treatment increased the invasion
and ulceration of GPC3 reexpressing tumors (reaching between
80−100 % of LM3-GPC3 tumors affected) (Table 2, p< 0.05 chi-
square test). It is important to note that the SB203580 treatment did not
have effect on invasion ability of LM3-vector control tu-
mors.Furthermore, the histopathological study also exposed differ-
ences. In agreement with macroscopic observations, the drug did not
affect the microscopic invasion of LM3-vector tumors. However, we
demonstrated that the SB203580 treatment reverses the GPC3 in-
hibitory action on microscopic local invasion. While GPC3 reexpressing
tumors rarely invaded the subcutaneous muscle and the dermis, the p38
inhibitor treated mice tumors did (Fig. 6B). By animals necropsy we
determined that cell sublines exclusively colonize lungs irrespectively
of the inhibitor treatment. While LM3-GPC3 tumor-bearing mice
treated with vehicle showed less metastatic nodules than control ani-
mals (LM3-vector + DMSO), the SB203580 treatment reversed par-
tially this inhibition (Table 2 and Fig. 6C, p<0.005 Kruskal-Wallis
test). The lungs macroscopic analysis confirmed that GPC3 blocks me-
tastasis (Table 2, p< 0.001 chi-square test). Importantly, the p38 in-
hibitor induced a critical progress in LM3-GPC3 metastasis spread

although it did not change control metastasis development. As is shown
in Table 2, 60 % of mice carrying GPC3 reexpressing tumors treated
with SB203580 were able to develop lung metastases (Table 2, p< 0.05
chi-square test). Additionally, the histopathologic study showed meta-
static nodules in lungs of all LM3-GPC3 + SB203580, LM3-vector +
DMSO and LM3-vector + SB203580 tumor-bearing mice, while no
metastases were found in animals carrying LM3-GPC3 + DMSO tumors
(Fig. 6 C lower panel). Our data suggest that GPC3 inhibits the me-
tastasis spread of mammary tumor cells and induces dormancy at sec-
ondary site, through the p38 MAPK activation.

To confirm our idea, the experimental metastatic capacity was
tested. LM3-GPC3 and LM3-vector cell sublines were intravenously
inoculated into mice, which were simultaneously administered with
SB203580 (alternatively DMSO) for 5 days. Our results showed that
mice inoculated with LM3-GPC3 cells + SB203580 significantly in-
crease the number of lung metastases, reaching levels like those de-
tected in animals injected with LM3-vector cells (Table 2 and Fig. 6D,
p<0.05 Kruskal-Wallis test). Once again, the drug did not affect
control cells metastatic colonization.

4. Discussion

Disseminated tumor cells (DTC) frequently resist systemic therapies
and can lead to lethal metastatic lesions (Dittmer, 2017). The cellular
phenotype plasticity plays a relevant function in metastasis from car-
cinomas of epithelial origin. Epithelial-to-mesenchymal transition
(EMT) is the initial metastatic stage, through which tumor epithelial
cells gain several characteristics of mesenchymal ones (Buchanan et al.,
2011). With the aim to describe new molecules regulating the EMT
process, here we deepen the analysis of GPC3. As we previously sug-
gested (Castillo et al., 2016; Peters et al., 2003), we confirm that GPC3
reexpression induces the restructuring of actin cytoskeleton, with the
loss of stress fibers developed by LM3 tumor cells. Furthermore, this
glypican changes the 3D growth, activating the spheroids development.
This result, that suggests the recovery of the epithelial junctions lost by
LM3 cells, is in association with our previous report indicating that
GPC3 modulates the capability of human mammary tumor MDA-
MB231 cell line to proliferate in suspension, unattached to any sub-
strate (Castillo et al., 2016), as well as with Gao et. al. who reported
that the in vitro hepatocarcinoma spheroid formation is inhibited by
blocking the heparan sulfate chains on GPC3 (Gao et al., 2015). Im-
portantly, in this work we studied the 3D structure showing that LM3-
GPC3 spheroids have hollow lumen. So, these GPC3 reexpressing cell
clusters resemble normal breast architecture, recapitulating the mam-
mary glandular lumen formation (Djomehri et al., 2019) and reverting
the 3D phenotype acquired by LM3 cells during EMT. The GPC3 action
on EMT has was also checked by the evaluation of molecular markers.
We found that the epithelial marker E-Cadherin is upregulated in GPC3
reexpressing cells, while the mesenchymal one vimentin is down-
regulated. Furthermore, levels of Snail1 and ZEB1 transcription factors -
capable of inducing EMT through E-Cadherin downregulation - were
found decreased in LM3-GPC3 sublines. Altogether, this data stresses
the close link between GPC3 and EMT working in tumor progression.
Wu et. al. also connected GPC3 with EMT in hepatocarcinoma cells
(HCC) (Wu et al., 2015). However, in association to the described ac-
tivating role of GPC3 on in vivo and in vitro progression of HCC (Capurro
et al., 2005; Zittermann et al., 2020), the authors found that this gly-
pican promotes the transition. On the other hand, recent works reported
the connection between GPC5 and EMT. GPC5 exhibits high homology
to GPC3, and can inhibit the EMT in prostate cancer (Sun et al., 2018)
as well as in lung adenocarcinoma (Wang et al., 2016), while it induces
the transition in uterine carcinomas (Chui et al., 2018).

We hypothesize that GPC3 acts as a breast cancer metastasis sup-
pressor (Buchanan et al., 2011; Peters et al., 2003), and inhibits the
EMT. In association with the potential role of metastasis suppressors as
tumor dormancy inductors (Nash et al., 2007), here it was

Fig. 3. Effects of GPC3 on in vivo metastatic outgrowth. LM3-GPC3 and LM3-
vector cell sublines were intravenously inoculated into BALB/c mice (n = 5
animals per group) and after 21 days the number of metastatic lung foci was
recorded. Median (Md) and range (Rg) are included, as well as illustrative
photos of lungs. Schematic methodological proceeding is also shown. Data is
representative of three independent experiments (** p< 0.05 Kruskal-Wallis,
Dunn´s test).
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demonstrated first that GPC3 leads the variations expected for putative
dormant cells. In this sense, LM3-GPC3 clones exhibited a decreased
phospho-Erk to phospho-p38 ratio and increased p21, p27 and SOX2
expression. Further, these findings translated to an inhibition of in vivo
metastatic spread. Here it was established that GPC3 inhibits metastatic
spread of mammary tumors through the induction of dormancy at the

secondary site. Our data confirm that dormancy is a reversible state,
given that when dormant cells are cultivated, they restart their growth.
Importantly, “ex dormant cells” retained the properties of the parental
line, including GPC3 and E-Cadherin expression. Our results are in as-
sociation with features of a breast cancer metastasis suppressor 1
(BRMS-1) (Welch et al., 2016). Like GPC3, BRMS-1 has a key function

Fig. 4. Morphological features, actin cytoskeleton organization and EMT markers expression of “ex dormant” primary culture cells. Lungs from mice inoculated with
GPC3 reexpressing cell sublines (without metastasis), and lungs from mice injected with control sublines (with macroscopic metastatic foci) were cultured and
selected with G418 (n = 5 animals per group). The “ex dormant” primary culture cells were studied. (A) Morphological cell characteristics. Top panel: Cells were
grown on coverslips and bright field (BF) images were taken (scale bars 100 μm). Bottom panel: To study the actin cytoskeleton, cells were stained with phalloidin-
Alexa 546 and analyzed under fluorescence microscope (scale bars 50 μm). Images are representative of three independent experiments. (B) EMT markers expression.
Left panel: E-Cadherin and Vimentin mRNA expression levels were identified by qPCR and GAPDH was used as control. Data is representative of three independent
experiments. Bars represent mean values± SD (*** p<0.001, ** p<0.005, * p<0.05 ANOVA, Tukey´s multiple comparisons tests). Right panel: WB analysis was
employed to determine E-Cadherin and Vimentin protein expression. β-Actin was used as an internal control. Numbers on the right represent molecular mass (kDa).
Representative images of three independent experiments are shown.

Table 1
LM3-GPC3 and LM3-vector primary culture cells in vivo behavior.

Tumor progression properties LM3-GPC3 Primary culture LM3-vector Primary culture

#1 #2 #1 #2

Tumorigenicity (%, n/n) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5)
Tumor growth rate (cm3/day) 0.100± 0.013 0.142± 0.006 0.063± 0.013 0.083± 0.038
Number of spontaneous pulmonary nodules (Md [Rg]) 0 [0−8]** 0 [0−1]** 72.5 [35−170] 6 [1−57]
Spontaneous pulmonary nodules incidence (%, n/n) 40 (2/5)* 20 (1/5)* 100 (5/5) 100 (5/5)

Tumorigenicity: number of animals that developed tumors / number of injected animals. % percentage, n number.
Number of spontaneous pulmonary nodules: Md median; Rg range.
Spontaneous lung metastasis incidence: number of animals presenting distant metastasis / number of injected animals. % percentage, n number.
** p<0.005 Kruskal-Wallis, Dunn´s test¸* p< 0.05 chi-square test.
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in the ectopic tumor development, and induces metastatic dormancy
(Phadke et al., 2008). Moreover, it was reported that an EMT blocking
would participate too in the BRMS-1 metastasis suppressor function
(Kodura and Souchelnytskyi, 2015).

It is important to note that in the present work we also confirmed
that GPC3 reexpression does not affect the growth of subcutaneous
tumors, as expected for metastasis suppressor. This is in association
with data previously reported for parental sublines, both in vivo and in
vitro. GPC3 did not modulate the in vitro proliferation rate of un-
synchronized LM3 cell monolayers or the in vivo tumor growth ratio
(Peters et al., 2003). The absence of a general growth inhibitory effect
of GPC3 could indicate specificity for dormancy regulation at distant
organ, as is suggested for metastasis suppressors. Here we provided
experimental in vivo evidences demonstrating that LM3-GPC3 “ex dor-
mant cells” are still viable and tumorigenic, but -like parental lines-
they are not able to colonize secondary organs. In this work, by means
of primary cultures of lungs without metastatic foci from LM3-GPC3 “ex
dormant” tumors-bearing mice, we showed again the presence of dor-
mant cells. In agreement, we previously reported a great inhibitory
effect of GPC3 when LM3 cells were grown under highly restricted
conditions, as the in vitro clonogenic assay is (Peters et al., 2003). The
characteristics of this low density cell growth test could be interpreted
like those that disseminated tumor cells (DTCs) are exposed after

extravasation in secondary colonization site. In sum, this study is the
first showing that although GPC3 reexpressing mammary tumor cells
could complete all phases of the metastatic process, they do not colo-
nize secondary sites. These GPC3 reexpressing cells persist in mouse
lungs in a dormant state. We demonstrated that these cells can break
dormancy and proliferate when they are cultured. LM3-GPC3 “ex dor-
mant cells” cross total metastasis stages but they arrest at secondary site
and re-enter in the non-dividing mode. Disseminated dormant tumor
cells have widely been described in cancer patients (Rossari et al.,
2019). These latent cells, besides to confer resistance to proliferation-
dependent treatments like radiation and chemotherapy (Aguirre-Ghiso,
2006), are a risk for patients since they can abruptly breakout inactivity
and develop lethal metastasis. Although it was suggested that the ar-
tificial reactivation of latent tumor cells would be usefulness for getting
cells susceptible to conventional therapies (Bliss et al., 2014), this
concept is dangerous since it could have side effects as well as induces
relapse (Dittmer, 2017). Alternatively, it would be possible the devel-
opment of therapies for promoting dormancy and thus preventing the
re-work of DTCs. Here we describe the role of GPC3 in the dormant
state induction, so it could be considered a key molecular target.

As we mentioned, it is key the identification of mechanisms reg-
ulating dormancy as well as the processes inducing dormancy escape.
Here it was proven that GPC3 induces in vivo dormancy by p38 sig-
naling activation. Our group previously described a relation between
GPC3 and p38. We showed the activation of p38 signaling pathway
(Buchanan et al., 2010) as well as we described the intricate system of
reciprocity working among the pathways regulated by GPC3. Moreover,
we recently showed that LM3-GPC3 cell sublines secret this glypican
(Fernandez et al., 2018). Future studies are necessary to determine the
membrane receptor with which secreted GPC3 interacts and, directly or
indirectly, thus activates the p38 pathway.

Although the role of p38 in cellular dormancy was widely described
(Aguirre-Ghiso et al., 2003; Kobayashi et al., 2011; Lenk et al., 2017;
Yu-Lee et al., 2018), this is - to our knowledge- the first report asso-
ciating GPC3, metastasis suppression and p38 MAPK activity. Through
in vivo studies, employing animals treated with the pharmacological
p38 inhibitor, we reliably showed that GPC3 needs an active p38 sig-
naling to inhibit breast cancer metastatic spread. It is important to note
that the inhibitor treatment did not affect subcutaneous tumor growth,
but reversed metastatic development inhibition induced by GPC3. This
data suggests that p38 would specifically control tumor growth at the
secondary site. Even though this is the first work linking GPC3, p38 and
dormancy, Adam et. al. demonstrated the association with other

Fig. 5. In vivo subcutaneous tumor growth of “ex dormant” primary culture
cells. 2-month old BALB/c virgin female mice (n = 5 animals per group) were
subcutaneously inoculated with LM3-vector and LM3-GPC3 primary culture
cells. Tumor volume, expressed in cm3 as mean± SD, was used as growth
parameter. Similar results were obtained in another independent experiment
(ns, Exponential growth equation).

Table 2
Effect of p38 MAPK signaling inhibition on LM3-GPC3 and LM3-vector cells in vivo behavior.

Tumor progression properties LM3-GPC3 LM3-vector

SB203580 DMSO SB203580 DMSO

#1 #2 #1 #2 #1 #2 #1 #2

Tumorigenicity (%, n/n) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5)
Latency (days)(Md [Rg]) 7 [7−8] 9 [8−12] 8 [7−23] 8 [6−10] 9 [7−10] 8 [8−9] 9.5 [9−10] 7.5 [7−9]
Tumor growth rate (cm3/day) 0.019± 0.004 0.017± 0.009 0.016± 0.009 0.018± 0.002 0.014± 0.004 0.017± 0.003 0.011± 0.004 0.013± 0.003
Macroscopic invasion with ulceration (%, n/n) 100 (5/5) 80 (4/5) 20 (1/5) * 40 (2/5) * 100 (5/5) 100 (5/5) 100 (5/5) 80 (4/5)
Spontaneous lung metastases incidence (%, n/n) 80 (4/5) 80 (4/5) 0 (0/5) * 0 (0/5) * 100 (5/5) 100 (5/5) 100 (5/5) 100 (5/5)
Number of spontaneous pulmonary nodules (Md

[Rg])
2 [0−5] 2 [0−6] 0 [0−0] & 0 [0−0] & 4 [1−10] 5 [2−18] 6 [3−24] 4 [1−19]

Number of experimental pulmonary nodules (Md
[Rg])

20 [11−64] 35 [17−57] 11 [0−17] & 13 [2−19] && 23 [15−67] 34 [15−70] 31 [10−52] 27 [22−30]

Tumorigenicity: number of animals that developed tumors / number of injected animals. % percentage, n number.
Latency: days for the first tumor palpation after injection. Md median; Rg range.
Macroscopic invasion with ulceration: number of animals with local invasion / total number of animals. % percentage, n number.
Spontaneous lung metastasis incidence: number of animals presenting distant metastasis / number of injected animals. % percentage, n number.
Number of spontaneous pulmonary nodules: Md median; Rg range.
Number of experimental pulmonary nodules: Md median; Rg range.
* p<0.05 chi-square test; & p<0.05; &&p<0.005 Kruskal-Wallis, Dunn´s tests.
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proteoglycan (Adam et al., 2009). The authors identified the molecular
network regulated by p38, which is necessary for human squamous
carcinoma cells quiescence. Interesting, among the 46 genes upregu-
lated in dormant cells, there is GPC1 (another member of the glypican
family) as well as several enzymes involved in glycan biosynthesis and
degradation.

5. Conclusion

Here we corroborated that GPC3 reexpression returns mesench-
ymal-like breast cancer cells to an epithelial phenotype, induces dor-
mancy and impairs in vivo metastatic spread. In addition, there were
presented evidences about the mechanism by which GPC3 reprograms
disseminated tumor cells to a dormant state by p38 MAPK signaling
pathway activation. Our results help to detect cancer cell dormancy
genetic contributing factors as well as suggest the usefulness of studies
focusing GPC3, which could provide therapeutic approaches for pre-
venting metastasis dissemination and cancer relapse.
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