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ABSTRACT

Metastatic disease is the major cause of death from cancer. From the primary

tumour, cells remotely prepare the environment of the future metastatic sites by

secreted factors and extracellular vesicles. During this process, known as pre-

metastatic niche formation, immune cells play a crucial role. Mast cells are hae-

matopoietic bone marrow-derived innate immune cells whose function in lung

immune response to invading tumours remains to be defined. We found reduced

melanoma lung metastasis in mast cell-deficient mouse models (Wsh and

MCTP5-Cre-RDTR), supporting a pro-metastatic role for mast cells in vivo. How-

ever, due to evidence pointing to their antitumorigenic role, we studied the impact

of mast cells in melanoma cell function in vitro. Surprisingly, in vitro co-culture

of bone-marrow-derived mast cells with melanoma cells showed that they have

an intrinsic anti-metastatic activity. Mass spectrometry analysis of melanoma-

mast cell co-cultures secretome showed that HMGA1 secretion by melanoma cells

was significantly impaired. Consistently, HMGA1 knockdown in B16-F10 cells

reduced their metastatic capacity in vivo. Importantly, analysis of HMGA1 expres-

sion in human melanoma tumours showed that metastatic tumours with high

HMGA1 expression are associated with reduced overall and disease-free survival.

Moreover, we show that HMGA1 is reduced in the nuclei and enriched in the

cytoplasm of melanoma metastatic lesions when compared to primary tumours.

These data suggest that high HMGA1 expression and secretion from melanoma
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cells promote metastatic behaviour. Targeting HMGA1 expression intrinsically or

extrinsically by mast cells actions reduce melanoma metastasis. Our results pave

the way to the use of HMGA1 as anti-metastatic target in melanoma as previously

suggested in other cancer types.
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INTRODUCTION

Malignant melanoma (MM) is one of the most devastat-
ing cancers, and metastatic diseases responsible for 90%
of cancer-related deaths [1]. Tumours induce the forma-
tion of pre-metastatic niches (PMN), specialized microen-
vironments in distant organs that are conducive to the
survival and outgrowth of tumour cells [2]. PMN forma-
tion is the result of the systemic effect of tumour-secreted
factors and extracellular vesicles (EVs) that facilitate the
survival and outgrowth of tumour cells in target organs,
collaborating with bone marrow-derived cells recruited
to the metastatic site [3]. Mast cells (MCs) are haemato-
poietic bone marrow-derived immune cells [4] and their
function in the host immune response to tumours
remains to be defined [5]. MCs are broadly characterized
by their content, rich in granules containing enzymes,
cytokines and proteases like histamine or tryptase [6].
MCs are found in most tissues, flourishing in barrier tis-
sues, such as skin, gut or lungs [7], and playing protective
roles [8], although they are associated with allergy and
anaphylaxis [9]. The role of MCs in cancer is controver-
sial. Several studies have proposed that MCs contribute
to melanoma metastasis [10], tumour growth and immu-
nosuppression [11, 12], while others report MCs exerting
anti-primary tumour effects in different cancer types [13,
14]. To interpret the dual role of MC in melanoma pro-
gression, we analysed MC function in two scenarios: (1)
in vivo, analysing tumour growth and metastasis using
MC-deficient models and (2) in vitro, exposing melanoma
cells to bone marrow-derived MCs (BMDMCs) and re-
injecting them in vivo to analyse homing and experimen-
tal metastasis formation. On the one hand, we found
that, in tumour-bearing mice, MCs have a pro-metastatic
activity as denoted by metastasis reduction in mast cell-
deficient models. Interestingly, on the other hand,
BMDMCs from wild-type (wt) mice have an intrinsic
anti-metastatic effect when co-cultured with melanoma
cells. These data support a dual role for MCs during
tumour progression: an innate anti-tumoural role reduc-
ing metastatic behaviour, but once tumour progresses
mast cells support metastatic spread in melanoma
models. We focused on analysing the potential MCs anti-
metastatic role to develop novel therapeutic strategies.

Mechanistically, MCs co-culture with melanoma cells
inhibits HMGA1 secretion. HMGA1 is a nuclear protein
that binds to the minor groove of AT-rich DNA strands
and controls transcriptional activity of several genes [15].
Previous reports showed that increased cytoplasm expres-
sion and secretion of HMGA1 is related to metastatic
behaviour in triple-negative breast cancer [16]. Ablation
of HMGA1 expression in B16F10 cells decreased mela-
noma lung metastasis in vivo. Analysis of HMGA1
expression in human melanoma primary tumours and
metastasis showed that high levels of HMGA1 expression
in metastases are associated with reduced overall and
disease-free survival. Finally, HMGA1 expression analysis
in a cohort of 36 tumours and 12 metastatic lesions
showed that cytoplasmic staining was enriched in meta-
static lesions compared to primary tumours, suggesting
that increased levels and cytoplasmic localization of
HMGA1 are associated to metastatic behaviour in mela-
noma. Overall, our data support a model where HMGA1
enhances metastatic ability along melanoma progression
being mobilized from nuclei to cytoplasm and secreted in
melanoma cells. MCs interaction with tumour cells or
HMGA1 interference reduced metastatic spread in mela-
noma cells suggesting that HMGA1 targeting strategies
may represent a novel mechanism to reduce metastatic
behaviour in melanoma.

RESULTS

Mast cells reinforce melanoma metastasis
in tumour-bearing mice

To determine the role of MCs in melanoma metastasis,
we subcutaneously injected (sc.i) lung metastatic
B16-F10-mCherry cells in mast cell-deficient mice (Wsh).
MC-deficient mice developed bigger tumours than wt
mice as previously reported [14] (Figure 1a). However,
analysis of spontaneous metastasis showed that lung
metastasis was reduced in MCs-deficient mice regardless
of primary tumour growth (Figure 1b). Due to reduced
cell number detection, we quantified mCherry expression
by immunofluorescence (Figure 1c) and qRT-PCR,
observing a significant reduction of metastatic tumour
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cells (Figure 1d). Since Wsh mice have defects in haema-
topoietic progenitors [17] in addition to MCs, we used an
additional mouse model, the MCTP5-Cre-RDTR mouse
model, deficient in connective-tissue MCs [18]. This
model has been previously used to demonstrate the
reduction of experimental melanoma metastasis [10], but
not in spontaneous metastatic models. We first verified
decreased MC numbers in lungs (Figure 1e and
Figure S1B) of MCTP5-Cre-RDTR mice. We next ana-
lysed primary tumour growth and spontaneous metasta-
sis after B16F10-mCherry sc.i. in MCTP5-Cre-RDTR
(Figure 1f, g). We observed that while mice did not pre-
sent primary tumour growth differences, as previously
reported [10] (Figure 1f), there was a significant

reduction in spontaneous lung metastasis (Figure 1g).
These data support a pro-metastatic role for MCs in
tumour-bearing mice.

Bone-marrow-derived mast cells reduce
melanoma cell homing and metastasis in
lungs after co-incubation in vitro

Our data, together with recent reports, support MCs con-
tribution to melanoma metastasis. During melanoma
progression, MCs are influenced by tumour cells. How-
ever, there are reports showing their dual role in cancer
[19] combining both pro- [20] and anti-tumour effects
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F I GURE 1 Mast cells deficiency dampens melanoma metastasis. (a) We injected B16F10-mCherry cells (1 � 106) subcutaneously in

C57Bl/6 and Wsh mice and monitor tumour growth for up to 21 days. Tumour growth mean and SEM of three replicates with 3–5 mice per

group and replicate. *p < 0.05 Parametric t-test. (b) Tumour bearing mice showed micrometastatic foci in Wsh Lungs after 21 days but not in

the other groups. Three lung representative IF, showing tumour cells in red (mCherry) and nuclei in blue (DAPI) staining. First column,

10�. Second and third column 20�. All images were obtained from independent mouse samples. (c) Quantification of mCherry+ cells

detected per field. N = 6 ***p < 0.005. T-test. (d) mCherry expression in mouse lungs after 21 days, detected by qPCR. mCherry mRNA

copies in B16F10-mCherry Wsh lungs were increased when compared with C57Bl/6 mice. N = 3 (3–10 mice) p < 0.05 parametric t-test.

(e) Mast cell populations in murine wt and MCTP5-DTR lungs detected by flow cytometry. Phenotypic characterization: Cd45+/Fcε-RI
+/cKIT+.***p < 0.005 nonparametric t-test. (f) B16F10-mCherry cells injected (1 � 106) subcutaneously in wt (C57Bl/6), and MCTP5-DTR

+/+ (DTR+/+) mice. MCTP5-DTR +/� (DTR+/�) mice were used as littermate controls. We monitor tumour average growth twice a

week (N = 2, with 6–13 animals per group in total). (g) B16F10 mCherry + cells detection in wt, DTR +/+ and DTR+/� dissociated lungs

as detected by flow cytometry. *p < 0.05 parametric t-test.
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[21, 22]. To understand the innate role of MCs we used
bone marrow-derived cells from wt mice, characterized
phenotypically in Figure S2A, and analysed their influence
in melanoma cell behaviour. We co-incubated (CI) in vitro
B16F10 melanoma cells with murine BMDMCs in a 1:1
ratio for 30 min, injecting then the mix intravenously. Sur-
prisingly, while B16F10 control cells form macrometastasis
in the lung 14 days after the injection, the CI of B16F10
with BMDMCs significantly reduced lung metastasis
(Figure 2a, b). To understand if CI was necessary to reduce
metastatic ability of melanoma cells, we injected the same
amount of melanoma cells and BMDMCs sequentially

without previous CI (Figure 2c, d). We observed that
sequential injection in vivo did not significantly reduce
lung metastasis, but co-incubation did (Figure 2d). In
order to analyse the mechanism involved, we evaluate cell
death, but we did not detect any significant changes in
apoptosis (Figure S3).

We next analysed if tumour cell homing in the lungs
was affected by CI. We evaluated tumour cell presence in
lungs 6 h after intravenous injection. We observed a sig-
nificant reduction of tumour cell homing after CI with
BMDMCs (Figure 2e, Figure S4A). We also observed an
increase of GFP+ BMDMCs in the lungs in this
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F I GURE 2 Mast cells (MCs) and melanoma coincubation reduce tumour growth and metastasis to the lung. (a) Tail vein injection of

melanoma and MCs coincubation. MCs and B16F10 were coincubated (Ratio 1:1, 1 � 105: 1 � 105 cells) for 30 min and then injected in

through the tail vein. Representative pictures of lungs 14 days after injection. (b) Macro-metastatic foci quantification. N = 4, 10–18 mice in

total. *p < 0.05 non-parametric t-test, (c) B16F10 cells were injected in the tail vein of C57Bl/6. B16F10>Seq>MCs received two sequential

injections: B16F10 and then MCs cells. The third group received an injection with the coincubation of B16F10 and MCs (Ratio 1:1, 1 � 105:

1 � 105 cells) (d) Metastatic foci quantification. N = 5 mice. *p < 0.05 nonparametric t-test. (e) Tail vein injection of melanoma and MCs

coincubation after 6 h. MCs and B16F10 cells were coincubated (ratio 1:1, 1 � 106: 1 � 106 cells) for 30 min and then injected in C57Bl/6

mice. Animals were euthanized after 6 h, and lungs were processed immediately for flow cytometry analysis of mCherry detection in the

lung. (f) mBMDMC-GFP Control and B16F10 cells were coincubated (ratio 1:1, 1 � 106: 1 � 106 cells) for 30 min and then injected

subcutaneously in C57Bl/6 mice tail vein. Animals were euthanized after 6 h, and lungs were processed immediately for flow cytometry

analysis of GFP+ cells in the lung. N = 3, 9 mice per group in total. *p < 0.05 nonparametric t-test. (g) MCs GFP+ detection in lung. B16F10

cells were coincubated with MCs (ratio 1:1, 1 � 106: 1 � 106 cells) or treated with 10 μg of large and small EVs for 30 min and then injected

subcutaneously in C57Bl/6 mice tail vein. Animals were euthanized after 6 h, and lungs were processed immediately for flow cytometry

analysis of mCherry detection in the lung.
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experimental setting (Figure 2f and Figures S2b, S4b),
suggesting that BMDMCs colonize the lung microenvi-
ronment reducing tumour cell homing. To test if besides
physical interaction during the CI, MC-secreted factors
could be involved in this effect, we investigated of the
capacity of MC-derived extracellular vesicles (EVs) to
inhibit melanoma metastasis. Co-injection of tumour
cells with MC-derived large EVs (lEVs) and MC-derived
small EVs (sEVs) did not affect tumour cell homing
(Figure 2g). Therefore, our data support the idea that
tumour-BMDMCs co-incubation in vitro impairs tumour
cell homing and metastasis through direct contact effect
rather than secreted factors.

HMGA1 reduction in melanoma cells
diminish metastatic behaviour

To define the mechanism involved, we analysed the
secretome before and after melanoma cells- BMDMC
CI. Proteomic profiling of secreted factors revealed 57 pro-
teins significantly altered in the secretome after co-
incubation of B16F10 with BMDMC (Figure 3a, b). Out
of the many candidates, HMGA1 secretion was the top
protein significantly downregulated after co-incubation
with BMDMCs (Figure 3a, b). Since the HMG protein
family is associated with cancer and tumour progression
[23], we analysed the role of HMGA1 in melanoma. First,
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F I GURE 3 Melanoma and MC coincubation identify HMGA1 as a melanoma metastasis driver. (a) Proteomic analysis of melanoma

secretome. B16F10 and B16F10-CI-MCs coincubation secretome was analysed by quantitative proteomics. We show 57 significantly

regulated proteins. Among them, HMGA1 is the most abundant protein in B16F10 secretome, being almost absent in the CI secretome.

(b) Volcano plot representing the 57 significantly regulated proteins comparing B16F10 and B16F10-CI-MCs secretomes. HMGA1 is highly

expressed in B16F10 secretome. Typical mast cells proteins are present in the coincubation secretome, as chymase (CMA1) or mast cell

Carbopeptidase (CPA3). (c). Representative Western blot for HMGA1 expression in murine melanoma cell lines. (d) Representative Western

blot of the concentrated secretome of melanoma cell lines and coincubation with MCs. MCs, B16F1, B16F10 and coincubation of MCs and

B16F1 or B16F10 were resuspended in PBS, and incubated for 30 min at RT. Then, supernatant was concentrated and the whole reduced

volume was analysed by WB. (e) B16F10 tumour growth; 1 � 106 cells (B16F10 shControl or B16 shHMGA1) were sc injected in 8–10-week-
old Bl/6 mice. Tumours were measured with a calliper three times a week. N = 8 mice per group. (f) B16F10 shControl and B16F10

shHMGA1 (1 � 105) cells were injected intravenously in an experimental metastasis model, observing a decrease in metastatic foci in the

B16F10sh HMGA1 injected animals. Representative image of lungs is depicted (n = 8). (g) Lung macrometastases quantification from (f)

after 14 days post injection. (h) HMB45 staining quantification of lung tissue obtained from experimental metastasis model showed in (f).
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we analysed HMGA1 expression in a panel of mouse and
human melanoma cells, we found that HMGA1 was
expressed in B16F1 and B16F10 mouse melanoma cells
(Figure 3c) as well as in the human cells analysed
(Figure S5). Next, we confirmed the reduction of
HMGA1 secretion after CI with BMDMCs in B16F1 and
B16F10 (Figure 3d). Due to the reduction of metastasis
observed concomitantly with HMGA1 secretion by CI,
we hypothesized that HMGA1 may have a pro-metastatic
role in melanoma. HMGA1 has been involved in metasta-
sis in several types of cancer [16, 24, 25], however, its role
in melanoma remains undefined. To get further insights,
we knocked down (KD) HMGA1 expression in B16F10
(Figure S6A), observing that HMGA1 KD does not affect
B16F10 proliferation in vitro (Figure S6B) or tumour
growth in a subcutaneous injection experimental model
(Figure 3e). Next, we analysed the effect of HMGA1 KD
in the metastatic ability by performing experimental
metastasis assays after intravenous injection. We ana-
lysed metastasis macroscopically 14 days after injection
and found that interference of HMGA1 in B16F10
(B16F10-shHMGA1) reduced both the number and size
of lung metastases (Figure 3f, g). We also analysed meta-
static dissemination in the lungs staining with HMB-45, a
bona fide melanoma marker [26], and found that
HMGA1 downregulation significantly reduced B16F10

cells metastatic dissemination, supporting a pro-
metastatic role for HMGA1 in melanoma (Figure 3h).

HMGA1 cytoplasmic expression in
metastatic lesions correlates with reduced
overall survival in melanoma patients

Human HMGA1 expression promotes tumour invasion
and metastasis in several cancer types [23], however, the
role in melanoma is unknown. Therefore, we decided to
analyse in detail the expression of HMGA1 in human
melanoma. First, we analysed HMGA1 expression in the
Cancer Genome Atlas (TCGA) and we did not find signif-
icant differences in HMGA1 expression in metastatic tis-
sue (met) when compared with primary tissues
(PT) (Figure 4a). However, we found that high HMGA1
expression (top 25% expression) in metastatic lesions cor-
relates with reduced overall (Figure 4b) and disease-free
survival (DFS) (Figure 4c). HMGA1 has an impact on
tumour metastasis in other cancer models such as breast
cancer. Change from nuclear to cytoplasmic localization
of HMGA1 has been used as a surrogate marker of extra-
cellular secretion and predicts the aggressiveness of
TNBC primary tumours [16]. Thus, we decided to evalu-
ate HMGA1 subcellular localization in 51 different
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Meier survival curves were generated and differences in OS and DFS survival were assessed by log–rank Mantel–Cox test using GraphPad
PRISM 8.1.1. Analyses were performed in the TCGA datasets with all tumours (101 primary tumours and 339 metastasis). (d) Representative

immunohistochemistry staining for HMGA1 in human melanoma. PTc, primary tumor citoplasmatic; PTn, primary tumor nuclear; METc,

metastasis citoplasmic; METn, metastatic nuclear. (e) Tissue microarray quantification. Subcellular HMGA1 localization in 53 different

primary tumors and metastatic lessions. ANOVA comparition ***p < 0.0005; ****p < 0.0001
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primary tumours and metastatic lesions. We first con-
firmed that we were able to differentiate between cyto-
plasmic and nuclear HMGA1 localization, focusing on
the cellular distribution of the signal (Figure S7) and
quantified the relative abundance in these regions
(Figure 4d). Analysis showed that cytoplasmic staining
was increased by 4-fold in metastatic lesions compared to
1.5-fold increase shown in primary tumours (Figure 4e).
These data suggest that nuclear localization of HMGA1 is
reduced in metastatic lesions, concomitantly with an
increase in cytoplasmic localization and potential
secretion.

DISCUSSION

Melanoma metastasis is responsible for 90% of
melanoma-related deaths, and new approaches are
urgently needed to reduce its mortality [1]. Recently, new
findings connected tumour-derived signals with PMN for-
mation and the role of local and recruited immune cell
populations in this process [2]. Mast cells, present in
most barrier tissues, are innate immunity cells with a
controversial role in cancer [5, 19]. Different reports have
addressed the role of MCs in skin cancer, from their role
in tumour growth [14] to their implication in metastasis
to the lung [10]. We have observed that MC-deficient
mice (Wsh) present an increase in melanoma tumour
growth consistent with results reported in other skin can-
cer models. However, we did not observe this tumour
growth increase in the MCTP5-RDTR mast cell-deficient
model. This difference in tumour growth could be attrib-
uted to Wsh mice aberrant myelopoiesis due to their
mutation in the cKit gene [12]. On the other hand, we
have observed reduced metastasis in both models. Abla-
tion of mast cells in the MCTP5-RDTR model reduced
melanoma metastasis in experimental models [10], con-
sistent with our spontaneous metastasis results in the
Wsh MC-deficient mice. In a different report, mice in
which with three mast cell proteases were genetically
ablated showed increased lung metastasis and reduced
immune recruitment to the metastatic site [27]. There-
fore, it is still unclear the specific role of MCs in mela-
noma metastasis. Our results support a role of MCs in
tumour progression, supporting the idea that MCs con-
tribute to metastatic dissemination depending on the
context. We investigated how MCs influence melanoma
metastatic cell behaviour. We observed that when mela-
noma cells are co-incubated with MC derived from wt
mice in experimental metastasis models, there was a
reduction of lung metastasis suggesting that co-incuba-
tion somehow reduces metastatic ability. Analysis of
secreted factors after co-incubation showed that secretion

of HMGA-1 by melanoma cells is reduced, suggesting a
role for this factor in melanoma metastasis. HMGA1 is a
chromosomal protein that binds to the minor groove of
DNA and controls transcriptional activity [28]. HMGA
proteins are expressed at high levels during embryogene-
sis, but have low or undetectable levels in most adult tis-
sues [29]. HMGA1 overexpression has been correlated
with metastasis and reduced patient survival in breast
cancer [30], hepatocellular carcinoma [24] and pancreatic
cancer [31]. Importantly, it was recently demonstrated
that HMGA1 is secreted by invasive breast cancer cells
mediating cell migration, invasion and metastasis [16].
However, the role of HMGA1 in melanoma metastasis is
not defined. Our data show how co-incubation of mela-
noma and BMDMCs reduce melanoma metastasis and
HMGA1 secretion. Reduction of HMGA1 expression in
B16F10 cells reduced melanoma metastasis suggesting a
role in melanoma progression. To determine the rele-
vance in human melanoma, we analysed HMGA1 expres-
sion and subcellular localization in primary tumour and
metastatic lesions, showing that high expression of
HMGA1 in metastatic tissue is associated with decreased
overall survival. Moreover, the analysis of the subcellular
localization of HMGA1 in an additional cohort of mela-
noma primary tumours and metastasis showed a signifi-
cant increase in cytoplasmatic HMGA1 expression.
Importantly, increased cytoplasmic localization and
secretion of HMGA1 have been previously associated
with increased metastatic behaviour in triple negative
breast cancer [16], suggesting that a similar model might
happen in melanoma. Here we present the first evidence
that HMGA1 plays a role in melanoma metastatic behav-
iour and that BMDMCs execute an anti-tumour response
by inhibiting its secretion by co-incubation with tumour
cells. We present evidence that reducing levels of
HMGA1 in melanoma cells can indeed reduce their met-
astatic behaviour. Therefore, therapeutic strategies target-
ing HMGA1 in melanoma cells could represent novel
approach to reduce melanoma metastasis.

MATERIALS AND METHODS

TCGA data analysis

To determine the clinical value of HMGA1 expression in
human melanoma samples, we retrieved the gene expres-
sion data and its associated clinical information of the
study from the TCGA network. GDC TCGA Melanoma
(SKCM) data were extracted from cBioPortal: http://
www.cbioportal.org/. The normalized expression of
HMGA1 was available for 440 melanoma samples:
101 primary tumours, 339 metastases. For HMGA1 gene,
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normalized expression was categorized as ‘High expres-
sion’ when it was above the third quartile (top 25%
expression) of all tumour and metastatic samples; other-
wise, it was categorized as ‘low’. Kaplan–Meier estimates
of HMGA1 expression (assessed separately for each stra-
tum) were plotted and compared to overall survival (OS),
DFS curves using log-rank and Chi-square tests.

Tumour samples

Briefly, this study was performed in two independent
data samples: discovery series, which included 51 MMs,
and validation series composed by 6 malignant primary
tumour melanoma and their correspondent metastasis.
Tissue microarrays containing 53 melanoma and meta-
static samples (15 of them including non-tumoural paired
tissue) and associated data used in this Project were pro-
vided by the CNIO-Biobank (B.000848) after the appro-
priate ethic approval. This study was approved by the
local ethical committee from each institution, and a com-
plete written informed consent was obtained from all
patients.

Immunohistochemistry

HMGA1 expression and subcellular localization were
analysed by immunohistochemistry (IHC) in TMAs and
in PDXs, according to standard methods as previously
published [18]. HMGA1 monoclonal antibody was gener-
ated as previously described [18], and HMGA1 expression
was classified as positive when more than 10% of tumour
cells showed positive staining. Cytoplasmic and nuclear
staining of HMGA1 was quantified analysing the percent-
age of positive immunolabelled cells over the total cells
in each tissue area Also, the overall percentage of positive
cells was recorded, as well as the pathologist’s semiquan-
titative estimate of the overall staining intensity (0–3+).
The cases were also designated as ‘positive’ if more than
10% of the tumour cells showed expression of the anti-
gen. All studied tumour sections also included normal
tissue as an internal control. In negative controls, the pri-
mary antibodies were omitted.

Mice

C57BL/6 females (C57), C57BL/6-Tg (CAG-EGFP)
131Osb/LeySopJ (GFP mice) and B6.Cg-KitW-sh/
HNihrJaeBsmJ (W-sh) of 8–12-week-old were purchased
from the Jackson Laboratory. Wsh mice present embry-
onic deficit and eventual abolishment of mast cells soon

after birth. Dr. Axel Roers kindly provided MCPT-5 Cre-R-
DTA mice (MCTP5 DTR +/+) [19] which lack connective
tissue mast cells. We used MCPT-5 Cre-R-DTA heterozy-
gous (MCTP5 DTR +/�) mice as controls. For primary
tumour growth and spontaneous lung metastasis experi-
ments, we injected 1 � 106 B16F10 mCherry,
B16F10shControl or B16F10shHMGA1 cells subcutane-
ously in the mice right flank. We monitored tumour growth
at least thrice a week. Metastasis was evaluated by mCherry
expression in the lung after 2 or 3 weeks. For education
experiments, we injected a total of 10 μg of EVs every 72 h
for 2 or 3 weeks in the eye sinus. Synthetic unilamellar
100 nm liposomes (Encapsula Nanoscience) or PBS were
used as 1 controls in all studies. For lung colonization
experiments, 1 � 106 B16F10–mCherry cells were injected
intravenously, and C57BL/6 female mice were euthanized
after 6 h. For experimental metastasis, we injected 1 � 105

B16F10–mCherry cells intravenously, and C57BL/6 female
mice were euthanized after 2 weeks. Animals were sacri-
ficed and tumour and lung samples were dissected and fro-
zen at �80�C in O.C.T. All mouse work was performed in
accordance with institutional, IACUC and AAALAS guide-
lines. All animals were monitored for abnormal tissue
growth or ill effects according to AAALAS guidelines and
we euthanized animals if excessive health deterioration was
observed.

Melanoma cell lines

B16F10 and B16F1 were purchased from ATCC.
B16F10-mCherry cells were generated as previously
described. All melanoma cells were grown in DMEM sup-
plemented with 10% (v/v) sEV-reduced foetal bovine serum
(FBS) glutamine 2 mM and antibiotics. Human melanoma
cells were kindly provided by Marisol Soengas from CNIO.

Tissue processing

Specimens were fixed in 4% PFA. For immunofluorescence,
12 μm O.C.T. tissue sections of lungs were treated with
PBS-0.3% triton X-100 for 15 min. Non-specific sites were
blocked by incubation in PBS containing PBS 1% BSA 5%
and specific Serum – 0.05% triton X-100 for 1 h at RT. We
incubated primary antibody, anti-mCherry (ab167453,
Abcam), overnight at 4�C. After washes with PBS, lungs
were incubated 1 h with secondary antibodies from Alexa
Fluor series from Molecular Probes (dilution 1:500) and
washed again. Finally, samples were mounted with
Prolong-DAPI (Thermo). Fluorescent images were obtained
using a Nikon confocal microscope (Eclipse TE2000U) and
analysed using Nikon software (EZ-C1 3.6).
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Flow cytometry analysis

For lung population analysis, tissues were minced and
then digested at 37�C for 20 min with an enzyme cocktail
(collagenase A, dispase and DNaseI, Roche Applied Sci-
ence). Single-cell suspensions were prepared by filtering
through a 70-μm strainer and passing through a nylon
mesh. We eliminate red blood cells with ACK lysis buffer
(Gibco), and then cell suspensions were washed in Flow
buffer (PBS, 5 mM EDTA and 1% BSA) and incubated
with the following primary antibodies: anti-mouse
CD45 (Brilliant Violet 570, 30-F11, 1:200, Biolegend),
anti-mouse Fce-R1 alpha (PE-Cyanine7, MAR-1,
eBioscience™ 1:400), anti-mouse cKIT (APC/Cy7,2B8,
1:200, Biolegend), anti-mouse Lineage Cocktail (1:300,
Biolegend), APC anti-mouse CD63 (1:100, Biolegend),
Mouse IL-3 R alpha /CD123 PerCP-conjugated Antibody
(1:200, R&D systems), Mouse IL-3R beta Antibody (1:100,
R6D systems), CD13 Rat anti-Mouse, Brilliant Violet
711, Clone: R3-24211 (1:200, BD Optibuild). To assess cell
viability, we used LIVE/DEAD™ Fixable Violet Dead
Cell Stain Kit, for fixed cells (Thermo, L34963) and
Pacific Blue™ Annexin V Apoptosis Detection Kit with
7-AAD, (Biolegend, 640 926). For in vitro experiments,
adherent cells were treated with cell dissociation buffer
(Gibco) and single-cell suspensions were washed in Flow
buffer prior to primary antibody incubation. GFP+ &
mCherry+ presence in the lung were analysed using a
FACSCalibur or a FACSCanto (Beckton Dickinson).
FACS data was analysed with FlowJo software
(TreeStar Inc.).

Quantitative PCR

We isolated RNA from frozen lungs using Qiagen RNeasy
Mini Kit, to then perform reverse transcription
(SuperScript™ VILO™ cDNA Synthesis Kit, Thermo)
and quantitative PCR for specific gene expression using
pre-designed TaqMan® assays (Thermo). GFP and
mCherry expression was assessed using specific primers
and SybrGreen PCR reagents (Applied Biosystems).
Quantitative real-time PCR (QRT-PCR) was performed
on a 7500 fast real-time PCR system (Applied Biosys-
tems). Relative expression was calculated following
delta–delta Ct calculation method and Beta-Actin and
18 s were used as housekeeping genes.

Ex vivo mast cell differentiation

Bone-Marrow-derived mast cells were obtained after
flushing tibia and femur from C57Bl6 (mBMDMCs) and

C57BL/6-Tg (CAG-EGFP)131Osb/LeySopJ (mBMDMCs-
GFP) as previously described. Briefly, bone marrow pro-
genitors were cultured in OPTIMEM supplemented with
sEV-reduced FBS and 5 ng/ml of interleukin-3 for
4 weeks. We maintained cell density at 6 � 105 cells/ml
and evaluate cKIT and FcE-R1 expression weekly to vali-
date differentiation.

Extracellular vesicle isolation

We performed small extracellular vesicle (sEV) isolation
by sequential ultracentrifugation. Cells were cultured in
media supplemented with 10% sEV-reduced FBS (FBS,
Hyclone). FBS was reduced of bovine sEVs by ultracentri-
fugation at 100 000�g for 70 min. Supernatant fractions
collected from 72 to 96 h cell cultures were pelleted by
centrifugation at 300�g for 5 min and 500�g for 10 min.
The supernatant was centrifuged at 12 000�g for 20 min,
and the pellet collected for large EV analysis. sEVs were
then harvested by centrifugation of previous step super-
natant at 100 000�g for 70 min. The sEV pellet was
resuspended in 20 ml of PBS and collected by ultracentri-
fugation at 100 000�g for 70 min. All spins were per-
formed at 10�C in Beckman instruments.

Coincubation experiments and secretome
analysis

The same number of mBMDMCs and B16F10 cells
(1 � 106) were pelleted down and washed with PBS. After
washing, cell pellets were resuspended in 500 μl of PBS
and mixed for coincubation for 30 min at RT. The condi-
tioned media were centrifuged at 300�g, 5 min; 500�g,
10 min and 3000�g, 20 min. Conditioned media was fro-
zen for proteomic analysis or was concentrated using a
10 000 MWCO Millipore Amicon Ultra (Millipore) to fur-
ther evaluate secretome protein expression.

Western blot

Whole cell lysates and conditioned media were resolved
by SDS-PAGE and Western blot analysis was performed
with the following primary antibodies: rabbit anti-
HMGA1 (sc-393 213, Santa Cruz Biotechnology), mouse
anti-alpha-tubulin (α-tubulin [B-7]: sc-5286), β-actin
(Sigma Aldrich, #A5441). Mouse m-IgGκ BP-HRP (sc-
516 102, Santa Cruz Biotechnology) and Peroxidase con-
jugated AffinityPure donkey anti-Rabbit or anti-Mouse
(1:5000, Jackson ImmunoResearch, #711-035-152 and
1:5000, #715-035-150, respectively) were used as
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secondary antibodies. ECL Western Blotting Substrate
(GE Healthcare) Kit was used for western blot develop-
ing. The intensities of the immunoreactive bands were
quantified by densitometry using ImageJ software (NIH).

Proteomic analysis of the secretome

Samples were lysed in urea and digested with Lys-C/
trypsin using the standard FASP protocol. Peptides were
analysed by LC–MS/MS analysis using an LTQ Orbitrap
Velos mass spectrometer (Thermo Scientific). Raw files
were analysed with MaxQuant against a mouse protein
database and the MaxLFQ algorithm was used for label-
free protein quantification. The MS proteomic data have
been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier
PXD009505. For peer reviewing purposes, the data set can
be available under the username reviewer_pxd034005@
ebi.ac.uk and password: RySIl4Q1.

Lentiviral HMGA1 knock-down

To stably knockdown HMG-I/HMG-Y we used lentiviral
particles (Santa Cruz Biotechnology) either containing
3 target-specific shRNA targeting mouse HMG-I/HMG-Y
(sc-37116-V) or control shRNA lentiviral particles target-
ing a scramble sequence (sc-108080). B16F10 cells were
infected overnight with lentiviral particles in the pres-
ence of polybrene (Sigma, TR-1003). Stable cell lines were
obtained after 1-week selection with puromycin and
HMGA1 depletion was confirmed by immunoblot. Anti-
bodies: HMGA1 (Santa Cruz Biotechnology, sc-393 213;
1:1000) and β-ACTIN (Cell Signalling, 4967; 1:5000) over-
night at 4�C. For HMGA1, m-IgGκ BP-HRP (Santa Cruz
Biotechnology) was used as secondary antibody. For
quantification, the ratio between the HMGA1 and
β-ACTIN band intensities for each sample was measured
using ImageJ software.

In vitro proliferation assay

A 1000–2000 B16F10 shControl or ShHMGA1 cells were
plated on several T96 well plates by quadruplicates. The
following day (Time 0) and every 24 h (times 24, 48 and
72 h), one plate was fixed for 15 min using glutaraldehyde
1% and washed with PBS twice. All plates were then
stained with 100 μl/well of Crystal Violet 0.25% (in H2O)
for 1 h at room temperature. After discarding the remain-
ing Crystal Violet, plates were washed 4–5 times with H2O
and dried over night. A 100 μl of acetic acid (15%) was

added to each well and incubated 1 h at room temperature
with gently shaking. Absorbance was read at 590 nm and
all measurements were referred to time 0.

Statistical analysis

Error bars in graphical data represent means � SEM.
Mouse experiments were performed at least triplicate,
using at least 5 mice per treatment group, except noted.
All in vitro experiments were performed at least in dupli-
cate. Statistical significance was determined using para-
metric and nonparametric t-tests. p-Values of p < 0.05
were considered statistically significant using GraphPad
Prism software.
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