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Abstract
Metastatic tumors have been shown to establish a supportive pre-metastatic niche (PMN) in distant organs, which in turn
determines disseminated tumor cells’ targeting of such organs. PMN is formed through the recruitment of bone-marrow-
derived cells (BMDCs); however, the role of BMDCs in PMN formation is not fully understood. On the basis of RNA-seq
data and bioinformatic analysis, secretion of extracellular vesicle (EV) miR-92a by BMDCs of lung cancer-bearing mice
contributes to the establishment of liver PMN. Both BMDC-derived EVs and miR-92a mimics potentiate the activation of
hepatic stellate cells (HSCs), subsequently increasing extracellular matrix (ECM) deposition in mice. Consequently,
remodeling of the liver microenvironment enhanced immunosuppressive cell accumulation and cancer cell attachment. EVs
miR-92a directly suppressed its target SMAD7, leading to the enhancement of transforming growth factor-β signaling in
HSC. Elevated levels of circulating miR-92a are found in the sera of lung cancer patients, and EVs isolated from these
patients have a similar ability to increase HSCs activation and ECM protein expression. Our study reveals the sequential
steps of liver PMN formation in lung cancer, providing critical mediators that prepare PMN in the liver, and identifies new
targets that offer valuable options for diagnosis and therapeutic intervention.

Introduction

Lung cancer is the most common malignancy, and causes
the highest number of cancer-related deaths worldwide [1].
Metastasis is common in lung cancer, and the average 5-
year survival rate of patients with metastasized lung cancer
is only ~15% [2, 3]. Lung cancer metastasizes to many
organs, including the adrenal glands, bones, brain, and liver,
each of which requires different shaping in the environment
of destination for the adaptation of arriving cancer cells to
foreign environments [4]. Organ-specific metastasis is
dependent on the formation of pre-metastatic niches (PMN),
which includes angiogenesis, extracellular cellular matrix
(ECM) remodeling, and aberrant immune cell accumulation
[5, 6]. Improved understanding of the formation of PMN
during the metastatic process is clearly needed, so that
promising new therapeutic strategies can be developed to
prevent and treat metastatic cancer.

Liver metastases will develop in 20–30% of non-small
cell lung cancer patients, and is a significant factor in poor
prognoses [7]. Hepatic stellate cells (HSCs) are postulated
as the most important cellular component in liver pre-
metastatic niche, because they can transdifferentiate to an
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activated status implicated in the alteration of the ECM and
suppressive immune cells’ recruitment [8, 9]. The pheno-
typic changes of active HSCs include expression of α-
smooth muscle actin (α-SMA), a high degree of prolifera-
tion, and elevated ECM deposits [10]. Active HSC pro-
motes incoming cancer cell survival and growth in the liver
environment by supplying cancer cells with growth factors
and cytokines, regulating ECM turnover, and suppressing
immune response [11]. The immunosuppressive environ-
ment constructed by HSC is achieved by a myeloid-derived
suppressor cell (MDSC) population, which consists of
heterogeneous cells that can be divided into two subgroups
with distinct phenotypes: granulocytic (Cd11b+Ly6G+

Ly6Clow, gMDSC) and monocytic (CD11b+Ly6G-Ly6Chi,
mMDSC) cells [11, 12]. To date, cancer cells are the only
cellular regulator hypothesized to activate HSCs by secret-
ing transforming growth factor-beta (TGF-β). However,
multiple cells and complex genetic mechanisms have been
demonstrated to play a part in the regulation of HSC acti-
vation in liver-related disease [13]. Therefore, the activation
of quiescent HSC by cancer still requires future
investigation.

Malignancy is considered a systemic disorder because it
can alter and respond to the whole body environment via
multifaceted communications to facilitate disease progres-
sion [14, 15]. Bone marrow and bone-marrow-derived cells
(BMDC) is a tissue of particular concern, due to its con-
taining abundant types of progenitors, which control
hematopoiesis and immune cell fate [16, 17]. Cell-shed
membrane vesicles, carrying various signaling molecules
secreted and internalized by different cell types, are widely
accepted as participating in distant cell-cell communication
[18, 19]. A recent study reveals that lung cancer remotely
affects osteocalcin expressing cells residing in bone mar-
row, which create favorable tumor microenvironments and
facilitate cancer progression [15]. Extracellular vehicles
(EVs) have been known to be involved in the establishment
of metastatic organotropism by systemic interaction,
resulting in an increase of metastatic burden [9]. In this
study, we set out to identify the BMDCs that promote the
liver-specific metastasis of lung cancer, and to investigate
the underlying mechanisms. Our study has revealed that
BMDC-secreted EVs miR-92a specifically promotes lung
cancer metastasis to the liver by increasing the activation of
HSC, as well as subsequent ECM remodeling and gMDSC
accumulation in the liver. Specifically, we show that
BMDC-secreted EV miR-92a enhances the aforementioned
processes by enabling lung cancer cells to (1) potentiate the
effect of TGF-β on HSC activation by overcoming the
inhibitory effect of SMAD7, (2) create a favorable immune-
suppressive microenvironment in the liver, and (3) exploit
constituents for the cancer colonization signals produced by
HSC in the liver. Our study reveals that BMDC-secreted

EVs are essential for formation of liver PMN, and could
potentially be a therapeutic in targeting lung cancer.

Results

The alteration of liver microenvironments and
BMDCs in mice with lung cancer

To investigate whether the liver microenvironment is chan-
ged in lung cancer-bearing mice prior to cancer metastasis,
we assessed several characteristics of liver PMN, including
HSC activation, ECM protein (vitronectin, tenascin C, col-
lagen type I, and fibronectin) upregulation and recruitment
of MDSCs in livers of Lewis lung carcinoma (LLC)-bearing
mice (Fig. 1a). IHC results reveal that, compared to the
livers of normal mice, both HSC activation (increased α-
SMA) and collagen type I increase in the livers of LLC-
bearing mice, but not vitronectin, tenascin C, and fibro-
nectin. (Fig. 1b). In addition, the cell population of gMDSC,
but not mMDSC, increases 2.94-folds in the livers of LLC-
bearing mice, when compared to normal mice (Fig. 1c, d).
Consistent with these results, the HSC activation and col-
lagen type I upregulation are also found in the liver in
human lung H460 cancer-bearing mice. The gMDSC accu-
mulation, increased in the livers of H460-bearing mice,
although the difference between two groups did not reach
statistical significance (Supplementary Fig. 1A, 1B)

To assess whether the gene profile of BMDCs changes in
lung cancer-bearing mice, and may therefore be involved in
the formation of metastatic niches in distant organs, we
compared miRNA expressions of BMDCs of normal and
LLC-bearing mice. Next-generation sequencing (NGS) data
reveal that 106 miRNAs were upregulated in BMDCs of
LLC-bearing mice (Fig. 1e). We evaluated the specific
functional categories of upregulated miRNAs using Inge-
nuity Pathway Analysis (IPA). The results indicated that the
top 6 ranked Biological Functions and Disease categories
are cancer, connective discords, organismal injury and
abnormalities, reproductive system disease, immunological
disease, and inflammatory disease. In addition, the top 6
ranked Pathway and Tox list are renal inflammation, renal
nephritis, cardiac fibrosis, hepatocellular carcinoma, and
liver hyperplasia/hyperproliferation categories (Fig. 1f and
Table 1). These results suggested that BMDC may be
involved in the formation of liver PMN.

Changes in liver microenvironments promote
metastasis of lung cancer

Next, we determined whether changes of the liver niche due
to HSC activation promote lung cancer metastasis to the
liver. The attachment ability of lung cancer was evaluated in
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mouse HSC (mHSC) activated by TGF-β stimulation. TGF-
β induced the activation of mHSC, and increased the
expression of collagen type I (Supplementary Fig. 2A, 2B).

Activated mHSC not only increased the adhering of LLC,
but also enhanced the transendothelial migration of gMDSC
isolated from LLC-bearing mice (Supplementary Fig. 2C,
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2D). To assess whether these changes increase liver
metastasis of lung cancer in vivo, we secondarily implanted
LLC via splenic injection in mice with or without LLC
(Supplementary Fig. 2E). Supplementary Fig. 2E, 2F shows
that the ratio of liver metastasis increased in the LLC mice
after the secondary implantation. These data suggest lung
cancer could shape a PMN in the liver prior to the spread of
cancer.

BMDCs are involved in the formation of PMN in liver

EVs are implicated as being critical signalosomes in the
long-distance cross-talk between various cell types [18, 19].
Consequently, we collected EVs of BMDCs isolated from
normal and LLC-bearing mice and evaluated their effect in
HSC activation. We isolated and characterized EVs from
BMDCs using transmission electron microscopy (TEM)
and immunoblot (using CD63, CD81, TSG101, CD9, and
HSP70 as exosome markers). Nanovesicles with a size of
≤200 nm were found in EVs of BMDCs (Fig. 2a). EVs
markers, including CD63, CD81, TSG101, CD9, HSP70,
and acetecylcholinesterase were also observed in EVs iso-
lated from BMDCs (Fig. 2b, c). mHSC exhibited an effi-
cient uptake of EVs, as indicated by the internalization of
Dil-labelled BMDC-EVs (Fig. 2d). Compared to the EVs
obtained from BMDCs of normal mice, EVs isolated from
the BMDCs of LLC-bearing mice increased mHSC acti-
vation, collagen type I expression and LLC attachment (Fig.
2e, g). Treatment of mice with EVs isolated from the
BMDCs of LLC-bearing mice by retro-orbital injection
increased HSC activation and collagen type I deposition in
liver in vivo (Fig. 2h). Moreover, pretreated mice with EVs
isolated from the BMDCs of LLC-bearing mice also
revealed enhanced liver metastasis of LLCs (Fig. 2i–k).
These results show that BMDCs contribute to the liver’s
PMN formation, and subsequently, liver metastasis of lung
cancer via EVs delivery.

BMDCs increased HSC activation and collagen type I
expression by EVs miR-92a

To identify BMDC EV-associated small RNAs, we mea-
sured the levels of EVs miRNAs which were upregulated in
the BMDCs of LLC-bearing mice, and predicated to be a
regulator by IPA for liver hyperplasia/hyperproliferation
(Table 1). qRT-PCR results show that the miR-92 family
(miR-92a and miR-92b have the same seed region to target
3’UTR of mRNA) was enhanced in the BMDC-derived
EVs of LLC-bearing mice (Fig. 3a and Supplementary Fig.
3A). Because the levels of miR-92a were higher than miR-
92b in both BMDCs and their secretory EV (RPM (Reads
per million) of NGS: 6858.44 vs. 29.44 in EVs of LLC
mouse BMDCs and 4396.43 vs. 75.6 in EVs of normal
mouse BMDCs), we suggest that miR-92a, but not miR-92b
contributes to the shaping of liver PMN. The elevated miR-
92a is also found in the EVs isolated from BMDCs of
H460-bearing mice (Supplementary Fig. 3B). mHSC which
received EVs isolated from LLC-bearing mice presented
higher levels of mature miR-92a, but not pre-miR-92a and
miR-92b when compared to mHSC which had received EVs
isolated from the BMDCs of LLC-bearing mice (Fig. 3b,
Supplementary Fig. 3C, D). Moreover, inhibition of miR-
92a prevented the effects of BMDC-derived EVs in HSC
activation and collagen type I expression, supporting the
hypothesis that miR-92a is involved in the formation of
liver PMN in lung cancer (Fig. 3d, e).

We also assessed the effects of miR-92a on HSC acti-
vation and collagen type I expression using human HSC
(hHSC) LX2 cells. Transfection of miR-92a mimics
increased the effects of TGF-β in the upregulation of α-
SMA and collagen type I expression in both LX2 cells and
mHSCs (Fig. 3f, g). In addition, transfection of miR-92a
mimics to HSCs also enhances the attachment of lung
cancer cell lines H1299 and LLC on LX2 cells and mHSC,
respectively (Fig. 3h).

miR-92a increased the activation of HSCs induced
via TGF-β by targeting SMAD7

We performed experiments to determine possible miR-92a
targets that may contribute to regulating activity in HSC
activation by using three predicted miRNAs websites,
including Targetscan, MiRanda and Pictar. In silico analysis
predicted a single, species-conserved miR-92a binding site
in the 3′UTRs of SMAD7, which belongs to inhibitory
SMAD7 (Fig. 4a). 3′ untranslated region (3’UTR) luciferase
reporter analysis has shown that miR-92a mimics exhibit a
direct binding on wild-type 3’UTR of SMAD7, but not on
mutated 3′UTR luciferase plasmid (Fig. 4b). Consistent
with the 3’UTR luciferase reporter analysis, miR-92a
mimics decreased the expression of SMAD7 and

Fig. 1 The changes of liver niche and bone-marrow-derived cells
(BMDCs) in LLC-bearing mice. a Scheme of the animal models. The
alterations of HSC activation and ECM proteins (b), and the accu-
mulation of gMDSC (c) and mMDSC cells (d) of livers in LLC-
bearing mice. (e) miRNA profile and (f) IPA analysis of BMDCs
miRNAs. LLC was implanted into mice by tail vein injection. After
10 days, the BMDCs were collected and miRNA expressions assessed
by NGS and IPA. The livers of mice were harvested and stained using
the indicated antibodies. gMDSC and mMDSC cells were isolated
from the livers of normal mice and LLC-bearing mice. The livers of
these mice were harvested and stained with IHC. Digital images of
tissues were captured and analyzed with ImageJ software to calculate
the percentage of positive cells (high-positive+ positive+ low-posi-
tive cells). Each value is the mean ± SEM; *Significant difference
between the two test groups, as analyzed by Student’s t-test (p < 0.05),
ns, not significant, α-SMA smooth muscle actin, BMDC bone-
marrow-derived cells, ECM extracellular matrix, LLC Lewis lung
carcinoma, gMDSC granulocytic myeloid-derived suppressor cell,
mMDSC monocytic MDSC
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increased SMAD2 phosphorylation in LX2 cells after TGF-
β stimulation (Fig. 4c). Stable overexpression of SMAD7
prevents the enhanced effect of miR-92a on TGF-
β-mediated SMAD2 phosphorylation, HSC activation and
collagen type I expression (Fig. 4d–f). Moreover, the effects
of miR-92a mimics on the enhancement of lung cancer
H1299 cells attaching to hHSC were also prevented by
SMAD7 overexpression (Fig. 4g).

To determine which type of BDMCs is the major source
of miR-92a, we assessed levels of miR-92a in the EVs
secreted by hematopoietic progenitor cells (HPC), MDSCs,
CD11c+ and CD11b+ cells in LLC-bearing mice. The
results show that level of miR-92a in CD11b+ cell-derived
EVs of LLC-bearing mice was higher than that of EVs
derived by CD11b+ cell-derived EVs of normal mice
(Supplementary Fig. 4A). In contrast, the level of EVs miR-
92a were not significantly different between HPC, CD11c+
cells and MDSCs (monocytic and gMDSC) isolated from
normal and LLC-bearing mice (Supplementary Fig. 4B, E).
These data show that CD11b+ cells of BMDCs are
involved in the formation of liver PMN.

miR-92a mimics increase liver metastasis in mice

To address whether miR-92a may increase liver metastasis
in vivo, miR-92a mimics were administered by retro-orbital
injection for 3 weeks, then LLC cells were implanted in the
mice via splenic injection (Fig. 5a). To confirm the efficacy
and toxicity of miR-92a delivery, we assessed the levels of
miR-92a in several organs, together with blood cell counts
and biochemical parameters. Compared to control mimics’
delivery, miR-92a mimics had higher levels in liver by
retro-orbital injection, but not in lungs, kidneys, spleens,
and heart (Supplementary Fig. 5A). No significant changes
were observed in the biochemical markers for liver, kidneys

and bone marrow functions (sTable 1). As a parameter of
tissue damage, organ weight was also measured but showed
no difference between the control mimics and miR-92a-
treated groups (Supplementary Fig. 5B). No histological
abnormalities in the liver, lungs, and kidneys were detected
(Supplementary Fig. 5C). All inflammatory cytokines of
liver were also no difference between the control mimics
and miR-92a-treated groups (Supplementary Fig. 5D).
These data show retro-orbital injection effectively delivers
miR-92a mimics to the livers without significant toxicity. In
contrast, miR-92a mimics enhanced HSC activation and
collagen type I expression in the livers of mice (Fig. 5b). In
addition, miR-92a mimics also increased the tumor’s
capacity to metastasize to the liver. The liver nodules of
mice, which had been administered miR-92a mimics dis-
played more and larger of tumors, as well as local invasion
around the tumors (Fig. 5c, d). Next, we assessed whether
targeting miR-92a decreased pre-metastatic niche formation
in the liver. EVs isolated from BMDC of normal or LLC-
bearing mice and the miR-92a inhibitors were administered
by retro-orbital injection for 3 weeks, then LLC cells were
implanted via splenic injection. The results indicate that
miR-92a inhibitor not only decreases HSC activation and
collagen type I expression the livers, but also reduces liver
metastasis of mouse lung cancer LLC (Fig. 5e–g).

Elevated levels of EV miR-92a are found in lung
cancer patients’ sera

To further elucidate the nature of the EV miR-92a present in
the sera of lung cancer patients, we compared serum EV
miR-92a levels among healthy donors (n= 18) and lung
cancer patients (n= 19). Circulating EVs purified from sera
and miR-92a levels were measured by real-time polymerase
chain reaction. Compared to healthy donors, miR-92a levels

Table 1 The miRNAs are predicted to involve in cancer, connective tissue disorders, organismal injury and abnormalities, and liver-related disease

Molecules Categories p-Value Upregulation (folds) by NGS

miR-127-3p Cancer, connective tissue disorders, organismal injury and abnormalities 7.43E-10 2.833333

miR-128-3p Cancer, organismal injury and abnormalities, reproductive system disease 1.49E-07 2.044872

miR-129-5p Cancer, organismal injury and abnormalities, reproductive system disease 8.05E-07 2.595238

miR-196a-5p Cancer, gastrointestinal disease, organismal injury and abnormalities, respiratory
disease

1.64E-04 2.094444

miR-146a-5p Cancer, organismal injury and abnormalities, hepatocellular carcinoma, liver
hyperplasia/hyperproliferation

7.03E-05 4.296296

miR-204-5p Cancer, gastrointestinal disease, organismal injury and abnormalities 9.85E-04 4.25

miR-330-5p Cancer, gastrointestinal disease, organismal injury and abnormalities 2.30E-03 2.018203

miR-21-5p Cancer, organismal injury and abnormalities, respiratory disease 4.28E-03 3.001535

miR-92b-3p Cancer, organismal injury and abnormalities, liver hyperplasia/hyperproliferation 2.54E-02 2.567935

miR-193a-3p Cancer, organismal injury and abnormalities, renal and urological disease 2.88E-02 2.538767

miR-92a-3p Cancer, organismal injury and abnormalities, renal and urological disease 2.54E-02 1.56
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were significantly higher in lung cancer patients (Fig. 6a).
LX2 cells were used to assess activation of EVs isolated
from the serum of lung cancer patients. As shown in Fig.

6b, c, activation and collagen type I expression of LX2 cells
were enhanced in the presence of EVs isolated from
patients’ sera. Sera presenting high levels of EVs miR-92
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exhibited greater stimulatory effect of HSC activation in
LX2 cells. Similarly, the promotive effect of sera on the
upregulation of collagen type I in LX2 cells was positively
correlated with miR-92a levels (Fig. 6d). Our results con-
vincingly prove that high levels of circulating miR-92a
effectively increase HSC activation among lung cancer
patients.

Discussion

The liver is well known as the target organ for metastases of
various tumors, including lung, breast, pancreatic, stomach,
and colorectal cancers [20–22]. Pancreatic ductal adeno-
carcinomas secrete tissue factor to increase platelet activa-
tion and thrombus formation in liver PMN, which facilitates
the arrest of disseminated cancer cells [23]. Metastasis-
promoting bone-marrow-derived cells, such as macro-
phages, and Kupffer cells activate HSCs by granulin and
TGF-β, which in turn induces the deposition of periostin
and collagen in the liver [23, 24]. The occurrence of liver
metastasis is a poor prognostic sign for patients [25]. In this
study, we describe for the sequential steps of hepatic PMN
formation by BMDCs-released EVs. Cancer alters the
miRNAs expression of BMDCs, leading them to deliver EV
miR-92a to HSC in the liver. Consequently, miR-92a
potentiates HSC activation and ECM remodeling, which
promotes the recruitment of gMDSC to the liver, providing
an immunosuppressive microenvironment for liver metas-
tasis (Fig. 6e).

BMDC-derived cells have been implicated in contribut-
ing to metastasis by fostering the formation of PMNs, which
support cancer cell colonization and proliferation, thereby
promoting tumor metastasis [26–28]. Vascular endothelial
growth factor receptor 1+ hematopoietic progenitor cells,
CD11b+ myeloid cells, and regulatory and suppressive
immune cells have been identified as important mediators of
cancer metastasis to the lungs or liver by secreting inflam-
matory cytokines, growth factors, and proangiogenic
molecules [28–30]. Currently, attention is focusing on to
how mobilized and recruited BMDCs contribute to the
formation of existing pre-metastatic sites driven by cancer
cells via local communication, but relatively little is known
about whether they also orchestrate the formation of pre-
metastatic sites before mobilization. In this study, we elu-
cidate for the first time the influence of BMDC in the pre-
paration of liver pre-metastatic niche formation by a distant
interaction. Lung cancer cells change the gene profile of
BMDC, which in turn increases HSC activation and col-
lagen type I production. In addition, administration of
BMDC secretome from LLC-bearing mice enhances liver
metastasis in recipient mice; supporting BMDCs also con-
tribute to the formation of liver pre-metastatic niche at a
stage prior to mobilization and recruitment.

Extracellular vesicles-based communication represents
an important mode for cancer-tumor microenvironment
bidirectional cross-talk at both long and short distances
[31]. Currently, miRNAs have been considered to be the
major components of EVs, which are critically involved in
nearly all aspects of oncology, such as tumorigenesis, pro-
liferation, apoptosis, progression, and metastasis, as well as
drug resistance, by targeting oncogenes or tumor suppressor
genes [32–34]. Secretory miRNAs are considered to con-
tribute to the remodeling of the tumor-surrounding envir-
onment and PMN [31–33]. Pancreatic ductal
adenocarcinomas stimulate hepatic Kupffer cells then trig-
ger a cascade, which primes the fibrotic liver micro-
environment for future metastasis [9]. miR-122-enriched
EVs released by breast cancer cells decrease glucose uptake
in astrocytes and lung fibroblasts, thereby increasing breast
cancer metastasis [32]. Rat adenocarcinoma‐derived EVs
contain high levels of miR-494 or miR-542-3p, which target
cadherin‐17 and enhances MMP-2 and -9 expression in pre‐
metastatic lung stroma cells [34]. In this study, we found
that miR-92a potentiates HSC activation, which in turn
expresses high levels of collagen type I, resulting in the
enhancement of cancer cell attachment and gMDSC
recruitment. In addition, blockade of miR-92a decreases
BMDC-mediated HSC activation and collagen type I
deposition in liver, resulting in decreased hepatic PMN
formation induced by lung cancer. Most importantly, con-
sidering that circulating miR-92a levels are increased in the
serum of lung cancer patients, and that these increased

Fig. 2 BMDC-derived EVs contribute to the formation of liver PMN.
The characteristics of EVs as determined by TEM (a), immunoblot
analysis (b) and quantitated by FluoroCet analysis (c). LLC was
implanted into mice by tail vein injection. After 21 days, the BMDCs
were collected and EVs obtained from the supernatants of BMDC after
48 h incubation. d The uptake of BMDC-derived EVs by mHSC. Dil-
labeled BMDC-derived EVs (produced by 1 × 106 BMDCs) were
added to mHSCs (1 × 105) for 6 h. The arrowhead indicates HSC
uptake BMDC-derived EVs. The effect of BMDC-derived EVs on
mHSC activation (e) and collagen type I expression (f). mHSCs were
treated with EVs isolated from BMDCs of normal or LLC-bearing
mice. The expressions of α-SMA and collagen type I were assessed by
immunoblot and qRT-PCR, respectively. g EVs isolated from BMDC
of LLC-bearing mice increased the attachment of LLC on mHSC cells.
h EVs isolated from BMDC of LLC-bearing mice increased HSC
activation and collagen expression in the livers. liver metastasis of
lung cancer in vivo. EVs isolated from BMDC of LLC-bearing mice
increased liver metastasis, as presented by tumor nodules (i), liver
weight (j), and H&E staining (k). Mice were pretreated with EVs
isolated from BMDCs of control and LLC-bearing mice by retro-
orbital injection (5 μg/mice) for 3 weeks, then LLC was implanted into
mice via splenic injection. After 20 days, the livers of these mice were
harvested and stained with H&E. All results are representative of at
least three independent experiments and each value is the mean ± SEM
of three determinations; *p < 0.05, ns not significant. EV extracellular
vesicle, TGF-β transforming growth factor beta
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serum levels are positively associated with HSC activation
and ECM remodeling, this suggests that EV miR-92a might

be one of the key factors for liver pre-metastatic niche
formation reinforced by BMDC.
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Emerging evidence proves the role of TGF-β in the
activation of HSCs during liver metastasis. High levels of
TGF-β in lung cancer patients are associated with poor
prognoses [35, 36]. SMAD7, an inhibitory SMAD protein,
can compete with regulatory SMAD protein (R-SMAD)
SMAD2/3 for binding to the TGF type I receptor and pre-
vent their activation. SMAD7 also can disrupt TGF-β sig-
naling by increasing TGF-β receptors’ degradation and
decreasing R-SMAD-DNA complex formation [37]. Over-
expression of SMAD7 inhibits HSC transdifferentiation,
resulting in reduced liver fibrosis in rats, whereas repression
of SMAD7 increases HSC activation in liver fibrosis
[38, 39]. Our study has confirmed that BMDC-derived miR-
92a transferred via EVs effectively reduces SMAD7
expression and increases the phosphorylation of SMAD2 in
recipient HSCs. BMDC-derived miR-92a directly targets
the 3’UTR of SMAD7 in HSCs. HSC activation and col-
lagen type I upregulation induced by miR-92a mimics is
prevented by miR-92a inhibitor. Conversely, SMAD7
overexpression inhibits HSC activation and collagen type I
deposition in miR-92a mimics-treated HSCs, providing
additional evidence that miR-92a increases SMAD7 tran-
script degradation, resulting in HSC activation and cell
matrix deposition

Taken together, our study reveals BMDCs contribute to
formation of hepatic PMN, which primes HSC activation
and increases ECM deposition to support cancer and
gMDSC attachment. Our results reveal a new mechanism
by which cancer cells alter BMDCs, which potentiate PMN
formation via a previously undescribed EV miR-92a→
SMAD7 regulatory pathway. Our study provides novel

therapeutic options to inhibit liver metastasis by decreasing
PMN formation prior to the spread of cancer, including the
targeting of EV miR-92a and mechanisms promoting cancer
colonization engaged by HSC activation.

Materials and methods

Cell culture

Human lung cancer H460 and mouse LLC cells were
obtained from the American Type Culture Collection
(ATCC). LX2 cells, which are immortalized human-derived
HSCs, were obtained from the EMD Millipore (Billerica,
MA). H460 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Lonza,
Walkersville, MD). LLC and LX2 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with 10 and
2% FBS, respectively. H460 cells were authenticated by
short tandem repeat analysis using the Geneprint 10 System
Kit (B9510, Promega, Madison, WI, USA). All cell lines
were tested for mycoplasma contamination using myco-
plasma test kits (Mycoalert Mycoplasma Detection Kit)
(Lonza) every 3 months.

The isolation of BMDC, HSC, MDSC, HPCs, and
CD11b+ cells

C57BL/6 J and nude mice mice were purchased from the
National Laboratory Animal Center (Taipei, Taiwan). All
animal experiments were performed in accordance with the
Institutional Animal Care and Use Committee, and with the
approval of the Animal Care and Use Committee of the
School of Kaohsiung Medical University. Each mouse
(male, 8-weeks-old, n= 6) was implanted with LLC (1 ×
106/ C57BL/6 J mouse) or H460 (1 × 106/nude mice) via tail
vein injection for 10 (for NGS analysis) or 21 days (for EVs
collection). Mouse HSC of normal or LLC-bearing mice
were isolated from normal and LLC-bearing mice by
collagenase-pronase (Sigma–Aldrich, St. Louis, MO) per-
fusion and subsequent density centrifugation on Nycodenz
gradients (Sigma–Aldrich), as described previously 20.
mHSCs were cultured in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin (Lonza). Bone marrow
cells were collected under sterile conditions with Hank’s
balanced salt solution from the medullary cavities of tibiae
and femurs using a 25-gauge needle. The isolation of
MDSC, HPC and CD11b+ cells was carried out using a
myeloid-derived suppressor cell isolation kit (Miltenyi
Biotech, Germany), MojoSort™ Mouse Hematopoietic
Progenitor Cell Isolation kit (BioLegend, San Diego, CA)
and CD11b microbeads (Miltenyi Biotech), respectively.

Fig. 3 EV miR-92a-3p increased mHSC activation. a The levels of
miR-92a-3p in EVs isolated from BMDCs of normal and LLC-bearing
mice. LLC was implanted into mice by tail vein injection. After
21 days, the BMDCs were collected and the EVs were harvested after
48 h incubation. The expression of miR-92a-3p was assessed using
qRT-PCR. b The level of miR-92a in mHSC which received BMDCs
EVs. mHSCs (1 × 105 cells) were treated with EVs isolated from
BMDCs (1 × 106 cells) of normal or LLC-bearing mice for 24 h. c The
levels of miR-92a-3p in mHSC isolated from livers of normal and
LLC-bearing mice. Mice were treated with EVs isolated from BMDCs
of control and LLC-bearing mice by retro-orbital injection (5 μg/mice)
for 2 weeks. HSC was isolated from the livers of mice and miR-92a
levels was detected by qRT-PCR. miR-92a inhibitor prevented mHSC
activation (d) and collagen type I expression (e) induced by EVs
isolated from BMDCs of LLC-bearing mice. mHSCs were transfected
either with control or miR-92a inhibitor for 24 h, then treated with EVs
and TGF-β for 48 and 24 h, respectively. miR-92a mimics increased
HSC activation (f), collagen type I expression (g), and lung cancer
attachment (h). mHSC and LX2 cells were transfected with control or
miR-92a mimics (100 nM) for 24 h, then treated with or without TGF-
β for 24 h. The expressions of α-SMA and collagen type I were
assessed by immunoblot and qRT-PCR, respectively. All results are
representative of at least three independent experiments and each value
is the mean ± SD of three determinations; *p < 0.05. HSC hepatic
stellate cells, mHSC mouse HSC
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Fig. 4 SMAD7 is the target of
EV miR-92a-3p. a Sequence
alignment of the SMAD7
3AD7nce alignment of the ls,
mHSC, b The binding capacity
of miR-92a on the 3’UTR of
SMAD7, as determined by
report analysis. SMAD7 3’UTR
firefly luciferase reporter vector
and renilla luciferase control
vector allowed simultaneous
monitoring of miR-92a activity
and transfection efficiency,
respectively. c miR-92a mimics
decreased the expression of
SMAD7. LX2 cells were
transfected with control or miR-
92a mimics, then levels of
various proteins were assessed
by immunoblot after 48 h
transfection. Overexpression of
SMAD7 prevents miR-92a in
the regulation of TGF-β
signaling (d), HSC activation
(e), collagen type I expression
(f), and lung cancer attachment
(g). SMAD7 overexpressing
LX2 cells were transfected with
transfected either with control or
miR-92a mimics (100 nM) for
48 h. Protein levels were
assessed by immunoblot. All
results are representative of at
least three independent
experiments and each value is
the mean ± SD of three
determinations; *p < 0.05
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Fig. 5 miR-92a increased liver metastasis of lung cancer in vivo. a
Scheme of animal model. b HSC activation and collagen type I
expression in the livers of mice. Control or miR-92a mimics (5 μg/
mouse) mixed with in vivo-jetPEI was delivered seven times retro-
orbital injection prior to LLC implantation. mHSC activation was
determined by α-SMA staining. c miR-92a increased liver metastasis.

(d) H&E staining of liver tumor sections. miR-92a inhibitor decreased
HSC activation and collagen type I expression in livers of mice e. miR-
92a inhibitor decreased liver metastasis, as presented by H&E staining
(f) and the numbers of tumor nodules in the livers (g). All results are
representative of at least three independent experiments and each value
is the mean ± SEM of three determinations; *p < 0.05
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Cell viability types were checked using trypan blue staining,
and cell purity was checked using specific antibody staining
and a flow cytometry.

Isolation of EVs from cell supernatants and patient
sera

BMDCs were seeded at a density of 2 × 106 cells/100 mm
dish and cultured in RPMI1640 containing 1% exosome-
free serum (Life Technologies, Grand Island, NY) for 24 h.
EVs derived from BMDCs were purified using total exo-
some isolation reagents (from cells) (Life Technologies,
Grand Island, NY) after removing cell debris by differential
centrifugation, following the manufacturer’s guidelines.
Quantitation of EVs of BMDCs was carried out by Fluor-
oCet dye (SBI System Biosciences, CA, USA), which
measures the activity of a known EV protein
acetecylcholinesterase.

Sera were obtained from 19 lung cancer patients and 18
healthy donors admitted to the Division of Pulmonary and
Critical Care Medicine at Kaohsiung Medical University
Hospital (KMUH), Kaohsiung, Taiwan. The Institutional
Review Board of KMUH approved the study’s protocol,
and all participants provided written informed consent in
accordance with the Declaration of Helsinki. EVs derived
from sera were purified by total exosome isolation reagents
(for sera) (Life Technologies, Grand Island, NY) as
described by the manufacturer. EVs protein content was
quantified using bicinchoninic acid protein assay
(Millipore).

RNA Isolation, NGS and Quantitative Real-time
Polymerase Chain Reaction (qPCR)

Total RNA from the BMDCs and EVs was isolated using
TRIzol and TRIzolLS Reagent (Life Technologies),
respectively. The small RNA library construction and deep
sequencing was conducted by the biotechnology company

Welgene, based in Taipei, Taiwan. Samples were prepared
using Illumina sample preparation kit according to the
TruSeq Small RNA Sample Preparation Guide. The
3ruSeqe TruSeqwas conducted by the biotechnology com-
pany Welgene, basedwas followed by PCR amplification.
The enriched cDNA constructs were size-fractionated and
purified on a 6% polyacrylamide gel electrophoresis.
Libraries were sequenced on an Illumina instrument (75SE
cycle single read) and processed using the Illumina
software.

cDNA was prepared using an oligo (dT) primer and
reverse transcriptase (Takara, Shiga, Japan) following
standard protocols. miRNAs isolated from EVs were
reverse transcribed using the Mir-X™ miRNA First Strand
Synthesis Kit (Clontec). RNA levels were determined using
real-time analysis with SYBR Green on a StepOne-Plus
machine (Applied Biosystems, Foster City, CA, United
States). miRNAs isolated from various organs were reverse
transcribed using the TaqMan™ Advanced miRNA cDNA
Synthesis Kit, and miR-92a levels determined by Taq-
Man™ Advanced Master Mix (Thermo Fisher Scientific).
The relative expressions of mRNA in cells were normalized
to GAPDH. The expression of miR-92a in EVs isolated
from BMDCs, serum or organs was normalized with spike-
in control cel-miR-39 (Exiqon, Vedbaek, Denmark) and
compared with a reference sample. The primers used are
listed in sTable 2.

Fluorescent imaging of EVs uptake

EVs derived from BMDCs of normal and LLC-bearing
mice were labeled with Dil dye (Life Technologies), and
then incubated with mHSC for 6 h. After washing, mHSCs
were stained with Calcein-AM (Life Technologies) for
30 min, and photographed using a Nikon inverted fluores-
cence microscope (Eclipse TE200 microscope).

Analysis of transendothelial migration and cell
adherence

mHSCs were treated with EVs isolated from BMDCs of
normal and LLC-bearing mice, then treated with or without
TGF-β (2.5 ng/ml) for 24 h. C166 cells were seeded onto
inserts with polyester membranes of 1 μm pore size (EMD
Millipore) for 2 days. PKH26-labeled MDSCs were seeded
onto C166 coated inserts, which were suspended in the
wells of mHSC-seeded plates for 24 h. Migratory MDSCs
were made visible using a fluorescence microscope.

LX2 or mHSCs were transfected with control or miR-92a
mimics for 24 h, then treated with or without TGF-β (2.5 ng/
ml) for 24 h. PKH26-labeled H1299 or LLC were seeded
onto LX2 cells or mHSC monolayers for 30 min, respec-
tively. Alternatively, mHSCs were treated with EVs isolated

Fig. 6 Elevated circulating miR-92a in lung cancer patients. a The
levels of EV miR-92a in healthy donors and lung cancer patients. EVs
were isolated from the sera of healthy donors or lung cancer patients,
and miR-92a levels assessed by qRT-PCR. EVs isolated from lung
cancer patients’ sera enhanced LX2 activation (b) and collagen type I
expression (c). The correlation of miR-92a levels with the stimulatory
effect in collagen type I expression (d). EVs were isolated from the
sera of healthy donors or lung cancer patients, and miR-92a levels
were assessed by RT-PCR. LX2 cells were treated with EVs (1 μg)
isolated from sera of lung cancer patients or healthy donors. The
expression of α-SMA and collagen type I was assessed by immunoblot
and qRT-PCR, respectively. e Model for how BDMC-derived EVs
increase the formation of liver PMN, which promotes lung cancer
metastasis. All results are representative of at least three independent
experiments and each value is the mean ± SEM of three determina-
tions; *p < 0.05
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from BMDCs of normal and LLC-bearing mice, then trea-
ted with or without TGF-β (2.5 ng/ml) for 24 h. PKH26-
labeled H1299 or LLC were seed onto LX2 cells or mHSC
monolayers for 30 min, respectively. After washing with
PBS, adherence H1299 or LLC was made visible using a
fluorescence microscope.

Immunoblot

All samples were lysed by RIPA solution and the extracted
proteins mixed immediately with equal volumes of SDS-
loading buffer then boiled for 5 min. Equal volumes of total
proteins were electrophoresed onto an 8–10% SDS-
polyacrylamide gels and transferred onto PVDF mem-
branes. After blocking, the membranes were blotted with
primary antibodies and then HRP-conjugated secondary
antibodies. The membrane signals were developed using the
enhanced cheminulescence light (ECL) detecting kit (EMD
Millipore). Antibodies against CD9, CD63, CD81, and
HSP70 were obtained from SBI System Biosciences
(Mountain View, CA, USA; Catalog #EXOAB-KIT-1).
Antibodies against pSMAD2 (Catalog #3108), and GAPDH
(Catalog #5174) were obtained from Cell Signaling Tech-
nology (Beverly, MA, USA). The antibodies against
SMAD7 (Catalog # ST1625) were obtained from EMD
Millipore. Anti-α-SMA antibody (Catalog # A2547) was
obtained from Sigma. Anti-collagen type I antibody (Cata-
log # ab34710) was obtained from Abcam. The quantitation
result of the Immunoblot was performed using AlphaImager
software (Alpha Innotech, San Leandro, CA, USA).

SMAD7 3’UTR reporter assay, SMAD7
overexpression and miR-92a mimic transfection

LX2 cells were maintained at 50–60% confluence and co-
transfected with control, SMAD7 3and miR-92a mimic
transfeOrigene, Rockville, MD)/Renilla luciferase plasmid
and control miRNA or miR-92a mimics using Dharma-
FECT duo transfection reagent (DHARMACON, Lafayette,
CO) according to the manufacturer’s protocol. After 48 h of
incubation, luciferase activity was assayed using
Steady–Glo Luciferase Assay System (Promega, Madison,
WI). Renilla luciferase activity was used as a control for
transfection efficiency. Overexpression of SMAD7 was
achieved by transfecting SMAD7 cDNA (Origene Tech-
nologies, Rockville, MD, USA) via Lipofectamine 2000
transfect reagent (Thermo Fisher Scientific), and a stable
cell line was established by G418 screening. LX2 cells were
transfected with scrambled control (Negative Control) or
miR-92a mimic, (DHARMACON), by using Lipofectamine
RNAiMAX Transfection Reagent (Thermo Fisher Scientific,
Waltham, MA, USA).

In vivo delivery of BMDC-derived EVs and miR-92a

Each mouse (male, 8-week-old C57BL/6, n= 6–8) received
bone marrow cell-derived EVs isolated from normal or
LLC-bearing mice through retro-orbital injections (three
times/week, 5 μg/mice/time) for 3 weeks. Alternatively,
mice received 5 μg of control or miR-92a mimics mixed
with 1.6 μL in vivo-JetPEI transfection reagent in 50 μL
normal saline, which was delivered nine times by retro-
orbital injection at 3-day intervals. Mice were injected
intrasplenically with 1 × 106 LLC and tumor development
was followed for 21 days following the first injection. Mice
were euthanized and the tumor nodules of livers counted.
Blood samples were collected via cardiac puncture and
blood biochemical assay was conducted by National
Laboratory Animal Center (Taipei, Taiwan). Levels of miR-
92a and cytokines of organs were assessed by qRT-PCR.
Organs were embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) for histological exam-
ination using standard techniques. The expressions of α-
SMA and collagen type I were demonstrated using mouse
monoclonal anti-α-SMA (dilution 1:200) and anti-collagen
type I (dilution 1:100, Abcam Ltd. Cambridge, UK) anti-
bodies, respectively. All of the sectioned tissues were
counterstained with hematoxylin.

Statistical analysis

All data were analyzed using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA), and differences between the means
for each condition were evaluated by a one-way ANOVA
followed by a Tukey post-hoc test.
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