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tumors. In cobalt-induced pseudohypoxia, LM38-LP and 
LM38-HP cell lines significantly increased HIF-1α and 
iNOS expression (Western blotting) and therefore NO pro-
duction (Griess method). This increase was inhibited by 
the iNOS inhibitor 1400 W. On the other side, NO was not 
detectable in LM38-D2 cells either in basal or in pseudo-
hypoxia. In addition, pseudohypoxia increased urokinase-
type plasminogen activator (uPA) secretion by LM38-LP 
and LM38-HP cells and migration in the LM38-LP cell 
line, without modulating these properties in LM38-D2 
cells (radial caseinolysis). The NO donor DETA/NONOate 
(500 μM) was able to increase uPA secretion and in vitro 
growth of LM38-D2. In agreement, 1400 W prevented in 
vivo growth of the myoepithelial LM38-D2 cells.
Conclusions  Hypoxia leads to an enhanced NO produc-
tion by the luminal component, through HIF-1α and iNOS, 
which can stimulate myoepithelial cell proliferation and 
uPA secretion. In these new conditions, myoepithelial cells 
might act as an invasive forefront generating gaps that 
could help luminal cells to escape from the primary tumor.

Keywords  Breast cancer · Myoepithelial cells · Luminal 
cells · Migration · Hypoxia · Nitric oxide

Introduction

The entire normal duct and lobular system of the mam-
mary gland is composed of two epithelial cell types, pre-
sent in roughly equal numbers: luminal cells that secrete 
milk, and an incomplete layer of myoepithelial cells that 
surrounds the inner layer and compresses it helping in 
milk expulsion. Currently, basal/myoepithelial cells func-
tion has been under reevaluation because their location 
between stroma and lumen makes them perfect candidates 
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to regulate physiological processes of the glandular epithe-
lium as polarity, electrolyte and fluid flow and response to 
endocrine or paracrine signals (Lakhani and O’Hare 2001; 
Deugnier et  al. 2002). Moreover, since the publication of 
the molecular classification of human breast cancer (Perou 
et al. 1999; Perou et al. 2000; Cancer Genome Atlas 2012), 
due to the worst prognosis shown by the basal-like tumors, 
more attention was gained by this cell type.

Myoepithelial cell contribution to carcinogenesis and 
tumor progression has recently begun to be recognized, and 
the literature is so far contradictory. While some studies 
have attributed great significance to the normal myoepithe-
lium as a paracrine inhibitor of mammary cell proliferation 
and morphogenesis (Rudland et al. 1995; Liu et al. 1996), 
invasiveness (Xiao et al. 1999) and angiogenesis (Nguyen 
et al. 2000), and thus as an inhibitor of tumor progression 
(Sternlicht et al. 1997), in other systems, instead, myoepi-
thelial cells were found to act as promoters of tumor growth 
(Gordon et al. 2003).

While in dogs, rats or mice, myoepithelial-cell-con-
taining breast tumors are rather common (Rehm 1990), 
those are considered rare in human clinical practice, and 
the literature found is generally of small series or isolated 
cases (Santosh et  al. 2013). However, myoepithelial cells 
have been found in tumors histopathologically classified 
as adenoid cystic carcinoma, adenosquamous carcinoma, 
adenomyoepithelioma and poorly differentiated myoep-
ithelial-rich carcinoma. Furthermore, the contribution of 
myoepithelial cells to human ordinary ductal carcinomas 
is unclear. Interestingly, some reports suggest that 2–18 % 
of so-called ductal carcinomas-no special type shows focal 
or diffuse myoepithelial differentiation by immunohisto-
chemical criteria (Nagle et al. 1986; Jones et al. 2001), and 
about 50 % of them follow an aggressive course (Foschini 
and Eusebi 1998).

Hypoxia is a very common phenomenon in the tumor 
microenvironment, especially in the first stages when 
tumors reach a volume that is too large for complete oxy-
gen diffusion. The master regulator of the transcriptional 
response to hypoxia is the hypoxia-induced factor-1 (HIF-
1), a member of the Per-ARNT-Sim (PAS) family of basic 
helix–loop–helix transcription factors (Wang et  al. 1995). 
In normoxia, the α-subunit of HIF-1 (HIF-1α) is consti-
tutively modified by Fe-containing hydroxylases in an 
oxygen-dependent fashion; hydroxylated HIF-1α is a tar-
get of the von Hippel–Lindau tumor suppressor, tagging 
HIF-1α for proteasomal degradation. In hypoxia, the low 
O2 tension leads to the inability of HIF-1α hydroxylation, 
thus blocking its proteasomal degradation and causing its 
accumulation. Then, HIF-1α translocates into the nucleus, 
dimerizes with HIF-1β and binds to the hypoxia response 
element (HRE) (Fandrey et al. 2006), a consensus sequence 
found in promoters of several genes involved in multiple 

processes as metabolism, tissue remodeling, proliferation 
and gene expression (Le et al. 2004). Cobalt salts have the 
property to bind and inhibit Fe-hydroxylases generating 
pseudohypoxia, a condition in which, even in normoxia, 
there is detectable HIF-1 transcriptional activity (Wang and 
Semenza 1993).

One of the mechanisms co-opted by tumors to survive 
in a hypoxic atmosphere is the activation of the induc-
ible nitric oxide synthase (iNOS) gene (Jung et al. 2000), 
an enzyme that produces high levels of nitric oxide (NO), 
which being a vasodilator, increases blood influx toward 
the tumor (Fukumura and Jain 1998). NO through a com-
plex signaling mechanism (Thomas et al. 2008) is involved 
in many other processes as cell proliferation (Radisavljevic 
2004), apoptosis prevention (Reveneau et al. 1999), migra-
tion and invasion (Jadeski et al. 2003), angiogenesis (Mon-
trucchio et  al. 1997) and immunosuppression (Hegardt 
et  al. 2000), which can alter tumor progression (Lala and 
Orucevic 1998; Thomsen and Miles 1998).

Most of the studies addressing breast cancer develop-
ment mechanisms are carried out with animal models that, 
although extremely useful, have some characteristics that 
may preclude the extrapolation of results to the human dis-
ease (Cardiff et al. 2000). Among them, pure cell lines dis-
regard the interactions among the different cellular popula-
tions present in the most tumors (Hanahan and Weinberg 
2011). In addition, it is noteworthy that murine mammary 
tumors do not usually metastasize to regional lymph nodes, 
one of the earliest and more frequent dissemination sites 
for human breast cancer, and the most significant prognos-
tic factor predicting patient survival (Fisher et al. 2001).

Several years ago, a spontaneous transplantable mam-
mary adenocarcinoma (M38), showing the capacity to 
metastasize both to lung and to draining lymph nodes, 
arose in our BALB/c colony (Bumaschny et al. 2004). M38 
is a hormone-independent tumor, not expressing either the 
estrogen receptor or the epidermal growth factor receptor-
related protein 2 (Erbb2). From this tumor, three cell lines 
have been generated: the bicellular cell line LM38-LP, con-
stituted by islets of luminal cells surrounded by myoepi-
thelial cells; the myoepithelial LM38-D2 cell line obtained 
by limiting-dilution cloning of LM38-LP cell line; and the 
nearly pure epithelial-like LM38-HP cell line. The line-
age of the cells was confirmed by immunocytochemical 
expression of E-cadherin, alpha-type smooth muscle actin 
(α-SMA) and cytokeratins (CK) (Bumaschny et al. 2004).

In vivo, LM38-LP cells formed differentiated papillary 
adenocarcinomas composed of myoepithelial cells, posi-
tive for α-SMA, and CK-positive luminal cells surround-
ing fibrovascular strands. In contrast, the LM38-HP cells 
formed poorly differentiated adenocarcinomas with low 
CK expression and no evidence of glandular structures or 
α-SMA expressing cells. The LM38-D2 cells grew as an 
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undifferentiated tumor consisting of large spindle cells, 
positive for CK14 and α-SMA (Bumaschny et al. 2004).

Compared with the bicellular cell line and the paren-
tal M38 tumor, LM38-HP and LM38-D2 cell lines had a 
diminished in vivo growth rate, were significantly less met-
astatic to lung and only occasionally colonized the drain-
ing lymph node (Bumaschny et al. 2004). Our hypothesis 
is that the differentiated histopathology and pathogenic 
behavior depend on the interplay between both cell types. 
In the present work, we describe different studies con-
ducted to dissect some of the biological and molecular 
bases that underlie their interaction.

Materials and methods

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections from subcu-
taneous (s.c.) LM38-LP, LM38-HP and LM38-D2 tumors 
were used to analyze in vivo iNOS expression. Immuno-
histochemical staining was performed using an avidin–bio-
tin–peroxidase complex (ABC, DAKO) according to manu-
facturer’s instructions. iNOS (AbCam 15323) antibody was 
used at 1:200 dilution.

Cell culture

The bicellular (luminal and myoepithelial) LM38-LP, 
the myoepithelial clone LM38-D2 and the luminal-like 
LM38-HP cell lines were used (Bumaschny et  al. 2004). 
All cell lines were cultured at 37 °C in a 5 % CO2 humidi-
fied atmosphere and maintained in complete medium: 
Dulbecco’s modified Eagle medium/nutrient mix F-12 
(D-MEM/F-12) without HEPES (Gibco BRL, 12500-062) 
supplemented with gentamicin and 10 % FBS (GEN, Bue-
nos Aires, Argentina) and subcultured every 3–4  days. 
The absence of mycoplasma contamination was routinely 
determined by 45-min staining with 1 µg/ml bisbenzimide 
(Höechst 33258) dye (Sigma, B 1155) and subsequent 
observation with fluorescence microscopy.

Nitric oxide release measurement

Cells were seeded in the internal 60 wells of 96-well plates 
with complete medium, and the peripheral 36 wells were 
filled with 200  µl PBS to avoid evaporation. When mon-
olayers reached 80  % confluence, medium was changed 
with the addition of 2 mM l-arginine (Fluka, 11010) and 
with or without 150 μM cobalt(II) chloride (Fluka, 60818) 
to generate pseudohypoxia and/or 5  µM 1400  W (Cal-
biochem, 100050) a specific iNOS inhibitor. Plates were 
sealed to avoid external NO contamination, and after 24-h 

incubation, conditioned media were collected. Since NO is 
spontaneously transformed to nitrite, NO release was esti-
mated as nitrite accumulation in the conditioned medium, 
compared with a sodium nitrite standard curve, using 
a modification of the Griess method (Xu et  al. 2000), a 
chemical assay based on the observation that the adduct of 
nitroxides and sulfanilic acid (Fluka, 86090) interacts with 
N-(1-naphthyl) ethylenediamine (Sigma, N 5889) in an 
acidic pH, generating a product that is readily monitored by 
spectrophotometry with a 450-nm absorbance peak (Eijan 
et al. 2002).

Protein extraction

Cells were seeded in 100-mm culture dish and cultured 
until monolayers reached 80  % confluence. Then, they 
were washed three times with PBS and scrapped with a 
rubber policeman. After a soft centrifugation, cells were 
lysed with 1 % Triton X-100 (Biopack, 9002-93-1) in PBS 
supplemented with a protease inhibitor cocktail (Sigma, P 
2714) for 45 min in ice. Then, protein extract was separated 
from cellular debris by a 15-min centrifugation at 15,000 
RPM at 4 °C, aliquoted and kept at −20 °C. Protein con-
centration was quantified by Bradford assay (BioRad, 
500-0006).

Western blotting

Protein extracts (80 μg) were resolved on SDS-PAGE (%T: 
iNOS, 7.5 % and HIF-1α, 9 %) and transferred to PVDF. 
Membranes were blocked for 1  h at room temperature in 
blocking buffer: 5 % skimmed milk in PBS + 0.1 % Tween 
20 (PBS-T), and then incubated overnight at 4  °C with 
the following primary antibodies: iNOS (Santa Cruz Bio-
technology, sc-8310), HIF-1α (Sigma, H 6536) or β-Actin 
(Sigma, A 4700) diluted 1:200, 1:1000 and 1:20,000, 
respectively, in blocking buffer. After washing three times 
for 10  min each time with PBS-T, the membranes were 
incubated for 1  h at room temperature with horseradish 
peroxidase-linked secondary antibodies diluted in blocking 
buffer: anti-mouse IgG (Sigma, A 9917) 1:20,000 and anti-
rabbit IgG (Sigma, A 9169) 1:10,000. Then, membranes 
were washed three times for 10 min each time with PBS-
T, and the signal was developed using Amersham ECL 
Western Blotting Detection Reagents (GE Healthcare, RPN 
2134) according to manufacturer’s instructions.

Total RNA extraction and RT‑PCR

Cells were seeded in 60-mm culture dish and cultured 
until monolayers reached 80  % confluence. Then, they 
were subjected to different treatments, and total RNA was 
prepared with TRIzol reagent (Invitrogen, 15596-026) 
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according to manufacturer’s directions. Agarose (Sigma, 
A5093) gel electrophoresis stained with GelGreen (Bio-
tium, 41005) was used to evaluate the quality of the sam-
ples, and RNA was quantified using a Qubit fluorometer 
(Invitrogen, Q32857) according to manufacturer’s instruc-
tions. Then, first-strand cDNA was synthesized with the 
iScript cDNA synthesis kit (BioRad, 170-8890) accord-
ing to manufacturer’s instructions using 500 μg RNA as a 
source. One microliter cDNA was used as a template for 
PCR amplification in a Mastercycler personal (Eppendorf, 
5332 000.014) using specific primers for iNOS or β-actin, 
recombinant Taq DNA polymerase kit (Invitrogen, 10342-
020) and dNTP mix (Invitrogen, 18427-013). Controls for 
the absence of genomic DNA contamination were obtained 
by performing the amplification reaction with RNA sam-
ples previously to retrotranscription, and the absence of 
self-priming was assessed by performing the amplification 
reaction in the absence of template.

Primers and PCR programs

The primers for the iNOS mRNA were iNOS-F: 5′-CTC 
ACTGGGACAGCACAGAA-3′ and iNOS-R: 5′-TGGTC 
AAACTCTTGGGGTTC-3′ and for the β-actin mRNA 
β-actin-F: 5′-GTGGGCCGCTCTAGGCACCA-3′ and β- 
actin-R: 5′-CGGTTGGCCTT AGGGTTCAGGGGGG-3′. 
For iNOS mRNA, 36 cycles of amplification were per-
formed with denaturation (94  °C for 1  min), annealing 
(58  °C for 1  min) and elongation (72  °C for 1  min), fol-
lowed by a final elongation (72 °C for 5 min). For β-actin 
mRNA, amplification was as above, but the annealing step 
was done at 62  °C. The PCR-amplified products were 
visualized by agarose (Sigma, A5093) gel electrophoresis 
stained with GelGreen (Biotium, 41005).

Immunofluorescence

Cells were seeded on cell culture-treated coverslips in 
24-well plates and cultured with complete medium. 
When monolayers reached 80 % confluence, medium was 
changed with or without treatment (150 μM CoCl2). After 
30 min, 3 or 16 h, each well was fixed with 4 % formal-
dehyde/PBS for 15 min and washed two times with PBS. 
Then, cells were permeabilized with 20-min incubation 
with 1  % Triton X-100/PBS at 37  °C, then blocked for 
1  h at room temperature in blocking buffer (1  % FBS in 
PBS) and then incubated overnight at 4  °C with the pri-
mary antibody, HIF-1α (Sigma, H 6536) diluted 1:50 in 
blocking buffer. After washing with PBS, coverslips were 
incubated 1 h at room temperature with a FITC-linked sec-
ondary antibody rabbit anti-mouse IgG (Zymed, 81-6711) 
diluted 1:100 in blocking buffer. After washing with PBS, 

coverslips were mounted, observed and photographed with 
an epifluorescence microscope (Nikon Eclipse E400).

In vitro NO susceptibility assay

Cells were seeded in 96-well plates and cultured with com-
plete medium. When monolayers reached 80  % conflu-
ence, medium was changed and different concentrations of 
the NO donor DETA/NONOate (DETA) (Cayman, 82120) 
were added. After 24-h incubation, cell number in each 
well was estimated using CellTiter 96® AQueous non-radi-
oactive cell proliferation assay (MTS) (Promega, G5421) 
according to manufacturer’s instructions.

Wound healing assay

Cells were seeded in 35-mm culture dish and cultured 
with complete medium. When monolayers reached 100 % 
confluence, three parallel wounds were made with a 200-
μl pipette tip (approximately 400 μm wide); each wound 
was photographed in three random microscopic fields, 
and the initial area was measured using the free software 
Image J 1.42q (National Institutes of Health, Bethesda, 
Maryland, USA, http://imagej.nih.gov/ij/). After 16 h, the 
same fields were photographed and the migratory capac-
ity was calculated as the difference of the cell-free area in 
each field.

Urokinase‑type plasminogen activator activity assay

Secreted urokinase-type plasminogen activator (uPA) activ-
ity was determined in conditioned medium as described 
previously (Urtreger et al. 1999). Caseinolytic uPA activity 
was referenced to a urokinase standard curve (range 0.1–
10 IU/ml) and normalized to cell protein content.

In vivo tumor growth

To assess the effect of NO on the early stages of tumor 
formation, we used the following short-term in vivo assay. 
Briefly, 8-week-old syngeneic female BALB/c mice were 
inoculated intradermally (i.d.) with 2 × 105 cells in 0.1 ml 
DMEM/F-12 without FBS and with (left flank) or with-
out (right flank) 5  µM 1400  W (Calbiochem, 100050), a 
specific iNOS inhibitor (Garvey et  al. 1997). Five micro-
liters of trypan blue (Sigma, T 6146) was added to mark 
the inoculation site. After 5 days, mice were killed by CO2 
inhalation, the dermis section corresponding to the injec-
tion site was dissected, and tumors were photographed and 
measured with the free software Image J 1.42q (National 
Institutes of Health, Bethesda, Maryland, USA, http://
imagej.nih.gov/ij/).

http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
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Ethics statement

Mice, from the Animal Facility of the Institute of Oncol-
ogy “Angel H. Roffo” (Buenos Aires, Argentina), were 
handled in accordance with the international procedure 
for Care and Use of Laboratory Animals. (EU Directive 
2010/63/EU for animal experiments). In vivo protocols 
were approved by the Institutional Review Board CIC-
UAL, protocol number 2012/02, Institute of Oncology 
“Angel H. Roffo.”

Statistical analysis

All experiments were performed at least in triplicate. The 
differences were studied by ANOVA with Bonferroni con-
trasts. Differences between proportions in the in vivo assay 
were analyzed by Chi-square test. A value of p < 0.05 was 
considered to be significant.

Results

Only luminal cells express iNOS in vivo and release nitric 
oxide in vitro

Since NO is a very important mediator in tumor biology, 
we explored by immunohistochemistry the expression of 
iNOS, enzyme responsible for the highest NO levels, in 
tumors formed after the s.c. inoculation of the different cell 
lines of the LM38 model.

Figure  1a shows that iNOS-positive luminal cells and 
iNOS-negative myoepithelial ones could be recognized in 
the papillary adenocarcinoma grown from the bicellular 
LM38-LP cell line. In the same sense, we found that poorly 
differentiated luminal-like cells comprising the LM38-HP 
tumors were positive for iNOS, while the myoepithelial 
cells constituting LM38-D2 tumors did not express the 
enzyme.

Given that hypoxia is a common phenomenon in the 
tumor microenvironment and is a major iNOS induc-
tor, we evaluated NO production in vitro in control and 
in cobalt-induced pseudohypoxia conditions. Figure  1b 
shows that the bicellular LM38-LP cell line and the lumi-
nal LM38-HP one presented a basal release of NO. A 
treatment with 150 μM cobalt(II) chloride (CoCl2) signifi-
cantly increased LM38-LP and LM38-HP NO production. 
In LM38-LP cells, both the basal and the CoCl2-stim-
ulated NO release were completely blocked by 1400 W, 
a specific iNOS inhibitor (Garvey et  al. 1997). On the 
other hand, in LM38-HP cells, 1400  W only inhibited 

Fig. 1   In vivo iNOS expression and in vitro nitric oxide production. 
a: Immunohistochemistry for iNOS in s.c. tumors of the different cell 
lines. Left panels: ×400 microphotographs; right panels: ×10 magni-
fications of the selected areas. LM38-LP tumor shows iNOS-positive 
luminal cells (yellow arrowhead) and iNOS-negative myoepithelial 
cells (white arrowhead). Most LM38-HP tumor cells are positive 
for iNOS, while most LM38-D2 tumor cells are negative for this 
enzyme. Regarding cell morphology, right panel shows that LM38-
HP is similar to the luminal cells (yellow arrowhead) and LM38-D2 
is similar to the myoepithelial cells (white arrowhead), of LM38-LP 
tumor. b: Griess assay was done to evaluate nitric oxide (NO) release 
from LM38-LP, LM38-HP and LM38-D2 cells in basal conditions, 
in CoCl2-induced pseudohypoxia, and with 5 µM 1400 W. LM38-LP 
and LM38-HP, but not LM38-D2 cells produced detectable NO lev-
els. Pseudohypoxia significantly increased NO production in LM38-
LP and LM38-HP but not in LM38-D2 (a: p < 0.05; b: p < 0.01 vs. 
untreated cells). 1400 W almost completely blocked NO production 
(c: p < 0.01 vs. CoCl2 treated cells)
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the CoCl2-stimulated NO release. Myoepithelial LM38-
D2 cells did not release detectable NO either basally or 
in pseudohypoxia, coincidently with the in vivo absence 
of iNOS expression. Together, these results suggest that 
iNOS is responsible of NO release induced by pseudohy-
poxia in luminal cells.

Only luminal cells respond to hypoxia increasing HIF‑1α 
and iNOS

Since upon stabilization HIF-1α translocates to the cell 
nucleus, immunofluorescence was performed to analyze the 
intracellular localization of HIF-1α post-CoCl2 treatment. 

Fig. 2   In vitro HIF-1α and 
iNOS expression. a Immu-
nofluorescence for HIF-1α 
shows nuclear localization 
in LM38-LP and HP cells in 
pseudohypoxia. No nuclear 
HIF-1α expression was detected 
in LM38-D2 cell line either 
basally or under CoCl2 treat-
ment. In LM38-LP cells in 
pseudohypoxia, white arrows 
point to negative myoepithelial 
nuclei and white arrowheads 
point to positive luminal 
islets. Insert: Magnification 
of a luminal islet showing 
HIF-1α nuclear expression. b 
Representative Western blots 
(left panel) showing induction 
of HIF-1α protein by CoCl2 
in LM38-LP and LM38-HP 
(*p < 0.01vs. T0) but not in 
LM38-D2 cells. c Representa-
tive RT-PCR assay (left panel) 
showing that iNOS-mRNA 
expression was induced at 
60 min after CoCl2 treatment 
in LM38-LP and HP cells 
(*p < 0.05 vs. T0). Constitu-
tively high iNOS-mRNA levels 
were detected in LM38-D2 
cells that were not modulated 
by CoCl2 d Representative 
Western blots (left panel) show-
ing increased iNOS protein in 
LM38-LP and HP cells after 
CoCl2 treatment (*p < 0.01 
vs. T0). No iNOS protein was 
detected in LM38-D2. The B, 
C and D right panels show 
densitometric quantitation, 
relative to β-actin, for HIF-1α, 
iNOS mRNA and iNOS protein, 
respectively
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Figure  2a shows that HIF-1α was undetectable in basal 
conditions, while in pseudohypoxia, it could be detected in 
the nuclei of the luminal cells of the bicellular LM38-LP 
cell line (white arrowheads) and in the nuclei of LM38-HP 
cells. On the other hand, neither the myoepithelial com-
ponent of LM38-LP cell line (white arrows) nor LM38-
D2 cells expressed HIF-1α in any culture condition. In 
concordance, Western blotting also showed an increase in 
HIF-1α protein, only in LM38-LP and LM38-HP cell lines. 
This increase was detected as early as 30 min and contin-
ued at least for 3  h post-treatment with CoCl2 (Fig.  2b). 
Since LM38-LP and LM38-HP cell lines were able to 
produce NO in pseudohypoxia and iNOS is a HIF-1α tar-
get gene, RT-PCR was performed to evaluate the status of 
iNOS mRNA in this condition. Figure 2c shows that iNOS 
mRNA was increased in LM38-LP and LM38-HP cell lines 
at 60 min post-CoCl2, remaining unchanged in LM38-D2 
cells. In the same sense, the expression of iNOS at pro-
tein level analyzed by Western blot showed an increase at 
3 h post-treatment in the luminal-cell-containing cell lines 
LM38-LP and LM38-HP, while in LM38-D2 cell line this 
molecule was undetectable (Fig. 2d).

Pseudohypoxia increases the migratory capacity of the 
bicellular cell line

Wound migration assays were performed to study the 
migratory ability of the different cell lines in basal and 
pseudohypoxia conditions. As shown in Fig. 3a, b, in con-
trol conditions LM38-D2 cells presented the highest migra-
tory capacity and LM38-HP epithelial cells were poorly 
migratory. Interestingly, in the bicellular cell line LM38-
LP, only myoepithelial cells migrated into the wound 
(Fig. 3a, white arrow). On the other hand, pseudohypoxia 
induced by CoCl2 increased the migratory ability of only 
the bicellular LM38-LP cell line.

Nitric oxide increased secreted uPA activity in LM38‑D2 
cell line, while pseudohypoxia did so in LM38‑LP 
and LM38‑HP cell lines

The serine protease uPA initiates an enzymatic cascade 
involving the activation of plasminogen to plasmin and of 
metalloproteinases (MMPs), which not only enables the 
degradation of the surrounding extracellular matrix but 
also may exert other roles in regulating cell proliferation 
and migration among others (Margheri et al. 2014). Previ-
ously, we had found that the three cell lines did not differ 
in the capacity to secrete MMP-9, while LM38-LP cells 
showed higher uPA activity than LM38-HP and LM38-D2 
(Bumaschny et al. 2004). Thus, this enzyme seemed to be 
more relevant to analyze its modulation by NO and under 
hypoxic conditions. Therefore, we evaluated the activity 

of uPA in conditioned media from the different cell lines 
treated with DETA (500 μM) or with CoCl2 (150 μM). Fig-
ure  3c shows that the pseudohypoxic condition increased 
uPA activity in LM38-LP and LM38-HP cells, while it 
did not affect uPA secretion by LM38-D2 cells. On the 
other hand, exogenous NO only increased uPA activity in 

Fig. 3   Migration and uPA secretion. a Representative microphoto-
graphs of the initial time (T0) and after 16 h of migration (T16) with 
or without CoCl2 of the wound migration assays of LM38-LP, LM38-
HP and LM38-D2 cell lines. In the LM38-LP cell line, it can be seen 
that the myoepithelial cells (white arrow) show the higher migra-
tory capacity, entering the wound by surrounding the epithelial islets 
(black arrow). b Quantification of the migratory ability of the differ-
ent cells, indicating the average distance covered by each cell type. 
LM38-D2 cells were significantly more migratory than LM38-LP and 
LM38-HP (b: p < 0.01). CoCl2 enhanced the migration of LM38-LP 
(a: p < 0.01 vs. untreated cells). c Radial caseinolysis was performed 
with conditioned media of LM38-LP, LM38-HP and LM38-D2 cells 
either basally or in the presence of 150 μM CoCl2 or 500 μM DETA. 
Pseudohypoxia increased uPA secreted activity of LM38-LP and 
LM38-HP cells, while NO increased uPA secreted activity only in 
LM38-D2 cells (a and c: p  <  0.05 vs. respective untreated cells; b: 
p < 0.01 vs. LM38-HP untreated cells)
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LM38-D2 cells. These results suggest the role of uPA in the 
increase of the migratory ability of LM38-LP cells under 
pseudohypoxia, regulated at least in part by NO production.

NO increased in vitro proliferation of myoepithelial 
LM38‑D2 cells and is necessary for their in vivo growth

To evaluate the effect of NO on the proliferation of the dif-
ferent cell lines, cells were treated in vitro with increasing 
concentrations of DETA for 24  h. Figure  4a shows that 
while, at any dose, DETA did not affect the proliferation 
of the bicellular LM38-LP and the luminal LM38-HP cell 
lines, we could observe a 30 % increase in LM38-D2 cell 
number at 500 μM, indicating that NO might act as a mito-
gen for myoepithelial cells.

To evaluate whether NO was also necessary for in vivo 
growth, LM38-LP, LM38HP and LM38-D2 cells were 
inoculated intradermal (i.d.) into the flanks of syngeneic 
BALB/c mice with or without 5  μM 1400  W. Figure  4b 
shows the size of the individual tumors and the average of 
each group, and Fig.  4c illustrates representative tumors 

analyzed. All cell lines developed tumors in 100  % of 
mice in basal conditions. Interestingly, 100 % of the mice 
inoculated with LM38-HP cells + 1400 W developed i.d. 
tumors, versus only 66.6 % of those injected with LM38-
LP  +  1400  W, furthermore no tumor was formed when 
LM38-D2 cells were co-inoculated with the iNOS inhibitor 
(Fig. 4b). Since 1400 W could only significantly impair the 
in vivo growth of LM38-D2 (Fig. 4b, c), we could suggest 
that NO is also necessary for in vivo growth of myoepithe-
lial cells.

Discussion

Malignant myoepithelial cell role during tumor progression 
is a very controversial topic. While some authors (Barsky 
and Karlin 2005, 2006) have attributed them a suppress-
ing role, others have recognized that myoepithelial cells 
can promote a metastatic phenotype (Adriance et al. 2005). 
This apparent contradiction can be explained since the first 
works were made using transformed myoepithelial cells 

Fig. 4   Effect of NO on in vitro proliferation and of iNOS inhibition 
on in vivo tumor growth. a In vitro estimation of the proliferation 
of LM38-LP, LM38-HP and LM38-D2 cell lines in the presence of 
a NO donor by MTS assay. DETA (500 μM) significantly increased 
LM38-D2 cells proliferation (*: p  <  0.05) relative to control cells. 
b and c In vivo tumor growth of the three cell lines with or without 
5 μM 1400 W. b Size of LM38-LP, LM38-HP and LM38-D2 tumors 

in the presence of a NO inhibitor. Scatter plot showing individual 
tumor size, horizontal lines represent the group means size. Only 
LM38-D2 growth was significantly inhibited by 1400 W (* p < 0.05 
vs. untreated cells). c Microphotographs showing representative 
tumors (white arrow). No tumor was developed by LM38-D2 cells in 
the presence of 1400 W (black arrow shows inoculation site)
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derived from benign tumors and not actual malignant cells. 
The LM38 adenocarcinoma model formed by luminal and 
myoepithelial malignant cells is suitable to study the het-
erotypic interactions between different cell compartments 
that confer tumors their malignant phenotype (Bumaschny 
et al. 2004).

In the first stages of tumor growth, when tumor size 
exceeds the distance reached by oxygen diffusion, and an 
angiogenic response has not already been mounted, cells 
suffer a transient hypoxia period that triggers, among other 
biological effects, the release of NO (Sollid et al. 2006). We 
could show a relationship between in vivo iNOS expression 
in tumors and the cellular capacity for in vitro NO release. 
The study of iNOS expression by immunohistochemistry 
in sections of the different tumors revealed that only lumi-
nal cells, either from LM38-LP or from LM38-HP tumors, 
were positive for the enzyme. In agreement with this find-
ing, in vitro, LM38-HP luminal cells could release NO 
basally and increased its levels in response to pseudohy-
poxia. Besides, LM38-D2 myoepithelial cells were nega-
tive for in vivo iNOS expression and could not release NO 
in vitro, either in basal or in pseudohypoxia conditions.

Molecular events underlying the response to hypoxia 
are regulated by the heterodimeric transcription factor HIF. 
Here, we show that luminal cells in response to hypoxia 
activate the HIF-1α/iNOS pathway. HIF-1α was increased 
in the luminal-cell-containing cell lines LM38-LP and 
LM38-HP after 30  min of pseudohypoxia induction. Fur-
thermore, while HIF-1α and iNOS protein levels were 
increased in luminal cells upon CoCl2 treatment, myoepi-
thelial cells seemed unable to sense pseudohypoxia. This 
correlated with the lack of expression of HIF-1α and iNOS 
proteins by these cells. In concordance with protein expres-
sion, iNOS mRNA only was increased in the cell lines that 
contain luminal cells. Surprisingly, although iNOS mRNA 
was present in LM38-D2 cells, it was not modulated by 
pseudohypoxia. Although we do not know why iNOS pro-
tein is not expressed in LM38-D2 cells, in which otherwise 
iNOS mRNA is present, it is possible that posttranscrip-
tional mechanisms are involved in this apparently contra-
dictory result.

The role of NO in tumor biology is controversial, 
because it can be either cytotoxic or promote survival, 
depending on the concentration and on different aspects 
of the cellular context and the microenvironment (Ridnour 
et al. 2008). Aberrant expression of iNOS was observed in 
61 % of 161 malignant human breast tumors and showed a 
positive correlation with clinicopathological features asso-
ciated with a bad prognosis, including tumor size and over-
all survival (Loibl et al. 2005). More recently, among poor 
outcome estrogen-receptor-negative breast tumors, iNOS 
expression was described as a marker of a subgroup with 
an even worst survival (Glynn et al. 2010).

In our system, we have shown that luminal–myoepithe-
lial interactions, via NO, induce a proliferative state that 
leads to tumor growth. In vitro, myoepithelial cells had a 
direct proliferative response to NO. To evaluate the in vivo 
relevance of hypoxia and NO in the first stages of tumor 
development, we designed a short-term growth experiment 
where tumor cell lines were inoculated intradermally with 
or without the iNOS-specific inhibitor 1400 W in different 
flanks of the same animal. We cannot exclude that a small 
amount of 1400 W could disperse by blood and, in conse-
quence, affect the tumor on the other flank. However, since 
tumor growth was indeed significantly different between 
both treatments, this does not seem to be the case. None of 
LM38-D2-inoculated mice and only two-thirds of LM38-
LP-inoculated mice could form tumors in the presence of 
1400  W, suggesting that NO is important for the growth 
of the myoepithelial-cell-containing tumors. Taking into 
account that iNOS expression at protein level was absent 
in LM38-D2 cells, we could infer that the actual target 
of 1400  W was stromal cells, such as macrophages, that 
released NO in response to the presence of the tumor cells 
(Solinas et al. 2009), or endothelial cells that released NO 
via HIF-1α/iNOS in response to a transient hypoxic state 
(Branco-Price et al. 2012).

There are evidences that hypoxia through HIF-1α induc-
tion is associated with epithelial to mesenchymal transition 
and the production of proteolytic enzymes, among other 
processes that lead to tumor progression and metastasis 
(Chen et al. 2010). It was described that migration of tumor 
cells during hematogenous metastasis is related to a HIF-
driven response (Liao et al. 2007). Malignant myoepithelial 
cells are very migratory and invasive (Williams-Fritze et al. 
2011), an attribute already present in their non-tumorigenic 
counterpart (Gordon et  al. 2003) that allows them to eas-
ily escape from primary tumors for generating a secondary 
growth. LM38-D2 cells were more migratory than LM38-
HP and LM38-LP cell lines. Even more, an increase of the 
migratory ability of LM38-LP cells was detected under 
pseudohypoxia. Since we have shown that myoepithe-
lial cells are the main responsible for the in vitro wound 
closure and that these cells cannot sense hypoxia, we can 
assume that the interaction with the luminal cells leads to 
this increase in migration. Several proteolytic enzymes, 
such as uPA, have been associated with migration ability.

We have previously shown that LM38-D2 malignant 
myoepithelial cells secrete high levels of proteases, includ-
ing uPA (Bumaschny et al. 2004). While uPA secretion was 
basally high in all three cell lines, its increase was triggered 
differentially in the bicellular LM38-LP and the luminal-
like LM38-HP cell lines, compared with the myoepithelial 
clone LM38-D2. Pseudohypoxia increased uPA secreted 
activity of LM38-LP and LM38-HP cells, while NO 
increased uPA secreted activity only in LM38-D2 cells. 
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These results are consistent with the hypothesis that NO 
produced by luminal cells in hypoxia is, in part, respon-
sible for the increase of uPA secretion by the myoepithe-
lial cells. On the other hand, the bicellular and the lumi-
nal cell lines, that have the capacity to release NO, were 
insensitive to exogenous NO. However, in pseudohypoxia, 
these cell lines could increase uPA secretion possibly by a 
NO-independent mechanism, since 1400 W was unable to 
inhibit this uPA increase (data no shown). A close relation-
ship between hypoxia, uPA and tumor progression was also 
described in gastric tumors since an antibody against uPA 
could inhibit hypoxia-induced invasive ability (Liu et  al. 
2010).

Malignant myoepithelioma of the breast is a human neo-
plasm composed exclusively of myoepithelial cells. This is 
a very rare tumor, and only few cases are reported in the 
literature (Santosh et  al. 2013). It was described that nor-
mal myoepithelial cells are mitotically quiescent with a 
low proliferative index (Joshi et al. 1986). It may be pos-
sible that the low frequency of occurrence of these human 
tumors is associated with a low growing capacity of malig-
nant myoepithelial cells, allowing tumors to remain in a 
state of latency and not be clinically detected. In the same 
way, the in vivo inoculation of LM38-D2 rendered tumors 
resembling human myoepithelial carcinomas with low 
growth potential (Bumaschny et al. 2004). In consequence, 
the LM38-D2 cell line is a good model to understand the 
biological behavior of these human tumors. Therefore, 
malignant myoepithelial cells probably require the coop-
eration of other cells such as malignant luminal cells in 
order to express their aggressive potential. In this sense, 
our results show a model of cooperation between malig-
nant luminal and myoepithelial cells. Thus, the malignant 
behavior of the tumor M38, composed of luminal epithelial 
and myoepithelial cells, may be explained by the following 
cooperative model (Fig.  5). The hypoxic conditions nor-
mally established at the initial stages of tumor growth lead, 
in the luminal compartment, to the enhancement of uPA 
activity and to the inhibition of HIF-1α degradation, its 
nuclear translocation and the induction of hypoxia-respon-
sive genes in these cells. iNOS, a prototypic hypoxia-
responsive gene, is also induced and NO is generated. This 
factor not only enhances uPA production in myoepithelial 
cells, but is also necessary for its in vivo migration, sur-
vival and proliferation. Myoepithelial cells, in turn, being 
very invasive (data not shown), act in a three-dimensional 
context as an invasive forefront, generating gaps in the 
basal membrane and the extracellular matrix that help lumi-
nal cells to abandon the primary tumor and disseminate to 
distant sites. Supporting this hypothesis, a recent paper by 
Cheung et  al. (2013) using a three-dimensional model of 
invasion could demonstrate the importance of cells with 
basal differentiation in this process.

Together, our results show that NO gives an advantage 
that leads to tumor growth, thus being a poor prognosis fac-
tor for breast cancer patients. In consequence, iNOS could 
be regarded as a therapeutic target to basal/myoepithelial-
cell-containing breast cancer.
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