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Abstract
As a rate-limiting step in metastasis, metastatic colonization requires survival signals from supportive stroma. However, the
mechanisms driving this process are incompletely understood. Here, we showed that the proliferation of B16F10 cells was
promoted when cocultured with lung fibroblasts. Meanwhile, co-injection of B16F10 tumor cells with mouse lung
fibroblasts significantly increased lung metastasis. Based on GEO database, we identified stearoyl-CoA desaturase 1 (SCD1)
as a novel factor promoting metastatic colonization. Importantly, we found that fibroblast-secreted cathepsin B (CTSB)
induced the upregulation of SCD1 in B16F10 through Annexin A2 (ANXA2) and PI3K/Akt/mTOR pathway. The elevated
SCD1 induced a higher ratio of monounsaturated fatty acids to saturated fatty acids in B16F10 cells. The changes in fatty
acid composition contributed to tumor cell proliferation and metastatic colonization. Furthermore, targeting SCD1
effectively inhibited lung metastasis and prolonged the overall survival of mice. Meanwhile, the expression of SCD1 was
negatively correlated with disease-free survival in five types of cancer patients. Collectively, our study identifies SCD1 as a
critical modulator of tumor cell proliferation that is activated by cathepsin B, secreted by lung fibroblasts at the metastatic
niche. Our novel findings provide potential therapeutic targets to prevent tumor metastasis.

Introduction

As one of the most common malignant cancer types, the
incidence of melanoma is rising steadily in most Western
countries [1, 2]. Despite surgical resection that leads to a
good prognosis in the early stages of melanoma, the
majority of melanoma patients dies from secondary metas-
tasis, which has a very poor prognosis [2]. However, there
are not enough drugs targeting melanoma metastasis due to

a poor understanding of the mechanisms controlling this
clinically important process.

Metastasis is a highly inefficient process. Tumor cells
have to overcome many obstacles in the process of meta-
static cascade, among which organ colonization is regarded
as the most complicated and rate-limiting step, because
tumor cells need to face the challenges of lack of survival
signals and supportive stroma after the arrival at distant
organs [3]. Meanwhile, several studies have proved that the
interactions between tumor cells and stromal cells at distant
organs promote metastatic colonization. Malanchi and col-
leagues found that stromal fibroblasts contribute to meta-
static colonization through the expression of periostin,
which recruits Wnt ligands and increases Wnt signaling in
cancer stem cells [4]. Massagué’s group demonstrated that
the binding of macrophage to receptor VCAM-1 can induce
survival signals in breast cancer cells infiltrated in the lung
[5]. Wculek and Malanchi also found that neutrophil-
derived leukotrienes specifically support metastatic initia-
tion [6]. The data from Ahmed’s lab showed that adipocytes
accelerate ovarian cancer omental metastasis through the
activation of SIK2, which drives cancer cells survival and
fatty acid oxidation [7].
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Fibroblasts are regarded as prominent modifiers in the
malignant progression of cancer. The important functions of
fibroblasts in the primary tumor microenvironment are well
studied, including remodeling of the extracellular matrix,
mediating the immune reprogramming and promoting can-
cer cell survival, metastasis and drug resistance [8]. How-
ever, the relationship between fibroblasts and metastatic
colonization in secondary organs is poorly established.

Understanding the mechanisms by which fibroblasts
promote metastatic colonization will provide the foundation
for the development of novel and refined approaches to
target metastasis. The purpose of this study was to under-
stand the role of lung fibroblasts (LF) in mediating meta-
static colonization and the mechanisms by which this
process occurs. Here, we identified stearoyl-CoA desaturase
1 (SCD1) as a key factor to promote metastatic coloniza-
tion. Cathepsin B (CTSB) secreted by fibroblasts induced
the activation of PI3K/Akt/mTOR pathway, resulting in the
upregulation of SCD1 in tumor cells. Increased SCD1
expression finally influenced fatty acid composition and
cancer cell proliferation. Moreover, targeting
SCD1 significantly inhibited lung metastatic colonization
by 63.8% and prolonged the median survival time by
22.6%.

Results

LF promote melanoma tumor cell proliferation and
metastatic colonization

In order to understand the crosstalk between tumor cells and
LF, we first isolated primary murine LF from C57BL/6
mice and conducted a coculture experiment using Millicell
hanging cell culture inserts (1 μm pore size) (Supplementary
Figure S1a and b). The results showed that the proliferation
of B16F10 tumor cells was significantly increased when
cocultured with freshly isolated LF (Fig. 1a). Similarly, the
conditioned medium from B16F10-LF coculture system
also enhanced the proliferation of B16F10 cells compared
to B16F10-CM (Fig. 1b). Then B16F10-GFP cells were
mixed with LF in different ratios. We found that the pro-
liferation of B16F10-GFP cells was elevated with the
increase in the ratio of LF (Fig. 1c and Supplementary
Figure S1c). On the other hand, compared to the B16F10-
CM, the rate of apoptosis decreased when tumor cells were
treated with the CM from the coculture system (Supple-
mentary Figure S1d).

To confirm the tumor-promoting effect of LF in human
cell lines, we cocultured A875 or A375 with human LF
MRC5. The results showed that the proliferation of A875 or
A375 cells was significantly elevated when cocultured with

MRC5 (Fig. 1d, e). Similarly, the conditioned medium from
A875-MRC5 or A375-MRC5 coculture system both
enhanced the proliferation (Fig. 1f and g) and decreased the
apoptosis rate (Supplementary Figure S1e and f) of A875 or
A375 cells, respectively.

To determine whether LF promote metastatic coloniza-
tion in vivo, we intravenously injected B16F10 tumor cells,
alone or mixed with freshly isolated LF, into the tail vein of
mice. Consistently, the co-injection of LF significantly
increased the lung metastasis area compared with the con-
trol group (Fig. 1h, i). Similarly, co-injection of A375 with
MRC5 increased the number of lung metastasis foci in nude
mice (Fig. 1j, k). To confirm the extravasation of freshly
isolated LF to the lung, we intravenously injected B16F10
tumor cells alone or mixed with freshly isolated GFP-
labeled LF from GFP transgenic mice. We detected the GFP
signaling when B16F10 cells were injected with LF but not
in the control group (Supplementary Figure S1g), which
proved that freshly isolated LF can home and remain in the
lung. Taken together, these data demonstrate that LF play
an important role in tumor metastatic colonization.

The expression of SCD1 is elevated in B16F10 cells
cocultured with LF

We next investigated the mechanism by which LF stimulate
the proliferation of B16F10 tumor cells. We analyzed six
gene expression profiles (GSE7929, GSE7956, GSE8401,
GSE12391, GSE46517, and GSE7553) from GEO datasets,
which compared gene expression changes between primary
melanoma and metastatic melanoma. We screened out the
upregulated genes in metastatic melanoma compared with
primary melanoma with the limitation of P values less than
0.01. Then, the occurrence frequency for each gene among
the six gene expression profiles was analyzed (Supple-
mentary Table 2). We found that only two genes appeared
in five datasets, and 40 genes appeared in four datasets. To
expand the range of screening, we further analyzed the
genes that appeared in three datasets using cBioPortal and
selected the genes which were correlated with disease-free
survival (DFS) in skin cutaneous melanoma (Fig. 2a). Then,
we analyzed the expression of those genes in B16F10 tumor
cells cocultured with LF using the method of quantitative
real-time PCR (qRT-PCR) (Fig. 2b), and picked up the
upregulated ones for western blots validation (Fig. 2c). As
shown in Fig. 2c, the expression of SCD1 was elevated
most significantly in B16F10 cells when cocultured with
LF. The expression levels of SCD1 and its transcriptional
factor SREBP1 were also increased in A875 and A375 cells
when cocultured with MRC5 (Fig. 2d, e). We also found
that the expression level of SCD1 was higher in malignant
cell lines, such as B16F10 and A375 than that in murine and
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Fig. 1 Lung fibroblasts promote melanoma tumor cell proliferation and
metastatic colonization. a B16F10 cells were cocultured with freshly
isolated lung fibroblasts (ratio, 1:1) and cell proliferation of B16F10
was analyzed with Cell Counting Kit-8. b Cell proliferation assay of
B16F10 cells treated with conditioned medium (CM) from coculture
system. c GFP-B16F10 cells were cocultured with lung fibroblasts
with different ratio (1:0.2, 1:1, 1:5), and the GFP-positive B16F10 cell
population was counted. d and e A875 cells and A375 cells were
cocultured with MRC5 (ratio, 1:5) and cell proliferation of A875 and
A375 were analyzed with Cell Counting Kit-8. f and g Cell pro-
liferation assay of A875 and A375 cells treated with conditioned
medium (CM) from A875-MRC5 or A375-MRC5 coculture system. h

Mice were intravenously injected B16F10 cells with or without freshly
isolated lung fibroblasts (1:1). Lung metastases (metastatic foci;
arrows) were detected with HE staining 21 days later (n= 9 or 10/
group), scale bars= 1 mm (top). Images were taken at ×40 original
magnification (bottom), scale bars= 500 μm (bottom). i The percen-
tage of lung metastasis area to total lung area in h. j Mice were
intravenously injected A375 cells with or without MRC5 (1:1). Lung
metastases (metastatic foci; arrows) were detected with HE staining
49 days later (n= 6 or 7/group), scale bars= 1 mm (top). Images were
taken at ×100 original magnification (bottom), scale bars= 200 μm
(bottom). k The number of metastasis foci in j. *P< 0.05, **P< 0.01,
***P< 0.001
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human fibroblasts (Supplementary Figure S2a). Then, we
detected the expression of SCD1 in lung metastatic colo-
nies. As shown in Supplementary Figures S2d and e, the
expression of SCD1 was elevated when B16F10 cells were
injected with LF. Meanwhile, the expression of SCD1 was
positively correlated with the expression of the proliferation
marker PCNA (Supplementary Figures S2d and e). Inter-
estingly, the nearby regions of PCNA or SCD1 positive
tumor cells were surrounded by activated LF which were α-
SMA positive (Supplementary Figures S2f–i). As a central

enzyme in lipid metabolism, SCD1 catalyzes the synthesis
of monounsaturated fatty acids (MUFAs) from saturated
fatty acids (SFAs) [9]. Recent studies have proved that the
expression of SCD1 contributes to tumor cell proliferation
and tumorigenesis in many human cancers including pros-
tate, bladder, breast, lung, and clear cell renal cell carci-
noma [10–15]. However, the role of SCD1 in the metastatic
sites is not well-known. Interestingly, our data reveal that
SCD1 may play an important role in lung metastatic
colonization.

Fig. 2 The identification of
tumor-promoting factors in
coculture systems. a Schematic
representation of the experi-
mental design which showed the
identification of tumor-
promoting factors in B16F10
cells cocultured with lung fibro-
blasts. b B16F10 cells were
cocultured with lung fibroblasts
for 24 or 48 h, heat map dia-
grams of gene expression chan-
ges detected by qRT-PCR
analysis of interested genes. c
Immunoblotting of the selected
tumor-promoting factors in
B16F10 cells that cocultured
with lung fibroblasts for 24 or
48 h. d and e A875 and A375
cells were cocultured with
MRC5 for 24 or 48 h, the
expression of SCD1 and its
transcriptional factor SREBP1
were detected by western blot;
β-actin served as loading
controls
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SCD1 mediates the tumor-promoting effects of LF

To determine whether SCD1 is required for lung fibroblast-
induced growth stimulation of tumor cells, we first gener-
ated B16F10 cell lines stably expressing short hairpin
RNAs (shRNAs) targeting Scd1. The cell lines showed a
substantial reduction in the expression of SCD1 both at
mRNA and protein levels (Fig. 3a). As shown in Fig. 3b, LF
significantly increased the proliferation of B16F10 cells,
while targeted depletion of Scd1 compromised the lung
fibroblast-mediated increase of cancer cell proliferation.
CAY10566 is a potent and selective chemical inhibitor of
SCD1, and the treatment of CAY10566 also reversed the
lung fibroblast-induced growth-promoting effect on tumor
cells in two coculture systems (Fig. 3c and Supplementary
Figure S3a).

Furthermore, we stably overexpressed SCD1 in B16F10
cells (Supplementary Figures S3b and c). Overexpression of
SCD1 accelerated the cell proliferation rate and tumor
volume compared with controls (Supplementary Figures

Fig. 3 SCD1 is required for the tumor-promoting effect of lung
fibroblasts. a The Scd1 knockdown efficiency was evaluated by qRT-
PCR and western blot. b B16F10 or Scd1 knockdown cells were
cocultured with lung fibroblasts and cell proliferation was analyzed
with Cell Counting Kit-8. c Cell proliferation assay of B16F10 cells
cocultured with lung fibroblasts or treated with CAY10566. d Mice
were intravenously injected B16F10 cells with lung fibroblasts or
treated with CAY10566. Lung metastases (metastatic foci; arrows)
were detected with HE staining 21 days later (n= 8/group), scale bars
= 1 mm (top). Images were taken at ×40 original magnification
(bottom), scale bars= 500 μm (bottom). e The percentage of lung
metastasis area to total lung area in d. f Mice were intravenously
injected Scd1 knockdown cells with or without lung fibroblasts. Lung
metastases (metastatic foci; arrows) were detected with HE staining
21 days later (n= 8/group), scale bars= 1 mm (top). Images were
taken at ×40 original magnification (bottom), scale bars= 500 μm
(bottom). g The percentage of lung metastasis area to total lung area in
f. h Kaplan–Meier survival analysis of mice treated the same as
described in d, (n= 10/group). i Kaplan–Meier survival analysis of
mice treated with the same as described in f (n= 10 or 11/group). *P
< 0.05, **P< 0.01, ***P< 0.001

Fig. 4 Lung fibroblasts change the fatty acid composition and induce
the activation of PI3K/Akt/mTOR pathway in tumor cells. a B16F10
cells were cocultured with lung fibroblasts or treated with CAY10566
for 48 h. Lipid extracts were prepared and analyzed by GC–MS. b
Scd1 knockdown cells or vehicle control were cocultured with lung
fibroblasts for 48 h. Lipid extracts were prepared and analyzed by

GC–MS. c Cell proliferation assay of B16F10 cells cocultured with
lung fibroblasts or treated with palmitic acid. d Cell proliferation assay
of B16F10 cells cocultured with lung fibroblasts or treated with
CAY10566 and oleic acid. e Cell proliferation assay of Scd1 knock-
down cells cocultured with lung fibroblasts or treated with oleic acid.
***P< 0.001
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S3d and e). In addition, same as the co-injection of B16F10
cells with LF, intravenous injection of SCD1 over-
expressing cells significantly elevated the number of lung
metastasis foci (Supplementary Figures S3f and g).

To further confirm the role of SCD1 in promoting lung
metastatic colonization, we investigated the effect of
CAY10566 on metastasis. First, tumor cells alone or with
LF were intravenously injected into mice. Then, the mice
were treated with CAY10566 once daily for 7 days, and
lung metastasis was detected 21 days after tumor cell
injection. Similarly, the co-injection of LF increased lung
metastasis, while the treatment of CAY10566 significantly
compromised lung fibroblast-induced metastasis (Fig. 3d,
e). Next, we detected lung metastasis after intravenous
injection of shScd1 B16F10 cells alone or mixed with LF.
The results showed that targeted depletion of Scd1 sig-
nificantly attenuated lung fibroblast-induced metastasis
(Fig. 3f, g). Furthermore, monitoring of animal survival
revealed that co-injection of B16F10 and LF reduced the
median survival time of mice (P= 0.028, Fig. 3h). On the
other hand, targeted depletion of Scd1 or the treatment of
CAY10566 significantly prolonged the median survival
time (P= 0.022, Fig. 3h; P= 0.007, Fig. 3i, respectively).

Taken together, these data strongly suggest that SCD1
plays a very important role in lung metastatic colonization,

and targeting SCD1 holds great promise in preventing
tumor metastasis.

LF promote tumor cell proliferation by changing
fatty acid composition

Given the key role of SCD1 in fatty acid metabolism, the
above data implied a possible SCD1-driven mechanism by
which fatty acid composition influences metastatic coloni-
zation. To test this hypothesis, we detected the fatty acid
composition in B16F10 cells cocultured with LF. The ratio
of MUFA/SFA was increased when B16F10 cells were
cocultured with LF (Fig. 4a). Meanwhile, the treatment of
CAY10566 and targeted depletion of Scd1 decreased the
ratio of MUFA/SFA both when B16F10 was cultured alone
and cocultured with LF (Fig. 4a, b). As SCD1 mainly cat-
alyzes SFAs to MUFAs, we investigated whether the
treatment of SFA (palmitic acid) and MUFA (oleic acid)
could influence the lung fibroblast-induced growth-pro-
moting effect on tumor cells. As shown in Fig. 4c, palmitic
acid inhibited the proliferation of B16F10 cells, and also
compromised the lung fibroblast-enhanced tumor cell pro-
liferation. Meanwhile, the addition of oleic acid facilitated
the proliferation of B16F10 cells and also rescued the
proliferative capacity of B16F10 cells that was inhibited by
CAY10566 (Fig. 4d) or targeted depletion of Scd1 (Fig. 4e).

Fig. 5 Lung fibroblasts induce SCD1 expression in tumor cells through
the activation of PI3K/Akt/mTOR pathway. a B16F10 cells were
cocultured with lung fibroblasts for 12, 24, or 48 h and protein lysates
were collected for immunoblotting using the indicated antibodies. b
B16F10 cells were cocultured with lung fibroblasts or treated with KU-

0063794 or LY294002 for 24 h and protein lysates were collected for
immunoblotting using the indicated antibodies. c Cell proliferation
assay of B16F10 cells cocultured with lung fibroblasts or treated with
KU-0063794 or LY294002. **P< 0.01, ***P< 0.001

Fibroblasts assist metastatic colonization through SCD1



G. Liu et al.



These observations demonstrate that LF increase tumor cell
proliferation mainly through the influence on fatty acid
composition.

LF induce SCD1 expression in tumor cells by the
activation of PI3K/Akt/mTOR pathway

Next, we investigated which pathway mediated the lung
fibroblast-induced SCD1 expression in tumor cells. Mam-
malian target of rapamycin (mTOR) plays critical roles in
cell metabolism and cancer progression [16]. As previous
studies reported, the expression of SCD1 is also regulated
by mTOR pathway [17]. We therefore determined whether
LF promoted the expression of SCD1 in tumor cells through
activating the PI3K/Akt/mTOR pathway. We performed
western blots to examine the phosphorylation status of Akt
and mTOR. The results showed that Akt and mTOR were
significantly activated in B16F10 tumor cells cocultured
with LF (Fig. 5a). As a direct substrate of the mTOR kinase,
the phosphorylation level of S6 kinase (S6K) was elevated.
The phosphorylation of ribosomal protein S6, the substrate
of S6K, was also significantly increased. It is well estab-
lished that the expression of SCD1 is regulated by SREBP
transcription factor family [18], which can be stimulated by
S6K. In our study, we also found that LF promoted the
expression of SREBP1 in B16F10 tumor cells (Fig. 5a).
These results show that the PI3K/Akt/mTOR pathway is
activated in B16F10 tumor cells cocultured with LF.

To confirm the involvement of PI3K/Akt/mTOR path-
way in the fibroblast-induced SCD1 expression, we treated

B16F10 cells with PI3K inhibitor LY294002 or mTOR
inhibitor KU-0063794 in coculture system. Both of them
blunted fibroblast-induced activation of PI3K/Akt/mTOR
pathway, as assessed by the phosphorylation of Akt,
mTOR, and S6K, respectively. Coordinately, the expression
of SCD1 and its transcription factor SREBP1 was dimin-
ished significantly by both inhibitors (Fig. 5b). The treat-
ment of LY294002 or KU-0063794 also reversed lung
fibroblast-mediated increase of tumor cell proliferation (Fig.
5c). Importantly, the addition of oleic acid also partially
rescued the proliferative capacity of B16F10 cells that
inhibited by KU-0063794 or LY294002 (Supplementary
Figure S4). Taken together, the above data confirm that LF
indeed induce SCD1 expression in tumor cells through the
activation of PI3K/Akt/mTOR pathway.

Lung fibroblast-secreted CTSB induces the
expression of SCD1 in tumor cells

To gain insight into how LF promotes proliferation of tumor
cells, we studied the lung fibroblast-secreted factors using
tandem mass spectrometry by analyzing the secretome of
B16F10 cells, LF, and B16F10-CM-treated LF (Fig. 6a).
CTSB was one of the proteins that was identified to be the
most differentially expressed in the secretome of B16F10-
CM-treated LF. Twelve distinct peptides that span the
polypeptide sequences of CTSB were identified (Supple-
mentary Figure S5a). As one of the most studied cysteine
cathepsins, CTSB has been shown to be involved in tumor
formation, growth, and invasion [19]. We next questioned
whether CTSB contributed to fibroblast-promoted meta-
static colonization. Western blotting was used to further
investigate the secretion of CTSB. The results showed that
CTSB was abundant in the CM from B16F10-CM-treated
LF (Fig. 6b). To determine whether CTSB is responsible for
fibroblast-mediated activation of PI3K/Akt/mTOR pathway
in tumor cells, we used Z-FA-FMK, an irreversible CTSB
inhibitor, to treat B16F10 cells in the coculture system. The
inhibition of CTSB blocked the fibroblast-mediated acti-
vation of PI3K/Akt/mTOR pathway, as demonstrated by the
decreased phosphorylations of Akt, mTOR, and S6K,
compared with those in controls. Meanwhile, inhibition of
CTSB also blocked fibroblast-induced expression of
SREBP1 and SCD1 (Fig. 6c). Conversely, the treatment of
CTSB induced the activation of PI3K/Akt/mTOR pathway
and the expression of SREBP1 and SCD1 in B16F10 cells
(Supplementary Figure S5b). Furthermore, the treatment of
Z-FA-FMK reversed lung fibroblast-induced growth-pro-
moting effect on tumor cells (Fig. 6d). On the other hand,
the treatment of Z-FA-FMK, KU-006379, or LY294002
compromised lung fibroblast-increased oleic acid levels in
tumor cells (Supplementary Figure S5c). In brief, these data
strongly support the hypothesis that lung fibroblast-secreted

Fig. 6 Lung fibroblast-secreted cathepsin B induces the expression of
SCD1 in tumor cells. a Conditioned medium from B16F10, lung
fibroblasts, or B16F10-CM-treated lung fibroblasts were run on an
SDS-PAGE gel and stained with Coomassie blue. The protein band
(red arrow) was identified as cathepsin B by liquid
chromatography–tandem mass spectrometry. b Western blot of
cathepsin B in CM from B16F10, lung fibroblasts, or B16F10-CM-
treated lung fibroblasts. Equal protein was run on a SDS-PAGE gel,
transferred to PVDF membrane and immunoblotted with cathepsin B
antibody. c B16F10 cells were cocultured with lung fibroblasts and
treated with Z-FA-FMK for 24 h, then lysates were collected and
immunoblotting performed using the indicated antibodies. d Cell
proliferation assay of B16F10 cells cocultured with lung fibroblasts or
treated with Z-FA-FMK. e The Anxa2 knockdown efficiency was
evaluated by qRT-PCR and western blot. f B16F10 cells were
cocultured with lung fibroblasts and treated with shRNA targeting
Anxa2 for 24 h, then lysates were collected and immunoblotting per-
formed using the indicated antibodies. g Cell proliferation assay of
B16F10 cells cocultured with lung fibroblasts or treated with shRNAs
targeting Anxa2. h Mice were intravenously injected B16F10 cells
with lung fibroblasts or treated with Z-FA-FMK. Lung metastases
(metastatic foci; arrows) were detected with HE staining 21 days later
(n= 6/group), scale bars= 1 mm (top). Images were taken at ×40
original magnification (bottom), scale bars= 500 μm (bottom). i The
percentage of lung metastasis area to total lung area in h. *P< 0.05,
**P< 0.01, ***P< 0.001
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Fig. 7 High SCD1 gene expression is associated with shorter disease-
free survival in cancer patients. Kaplan–Meier disease-free survival
(DFS) curves for the patients with skin cutaneous melanoma (a) and
uveal melanoma (b), kidney renal clear cell carcinoma (c), pancreatic
adenocarcinoma (d), and thymoma (e) based on SCD1 expression in

TCGA dataset. The red line represents the DFS of patients with high
SCD1 expression level (mRNA expression z-scores > 0.5), and the
blue line represents the DFS of patients with low SCD1 expression
level (mRNA expression z-scores < 0.5). Median survival time is
undefined in (e). (f) Proposed model for lung fibroblasts promoted
metastatic colonization. *P< 0.05, **P< 0.01, ***P< 0.001
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CTSB increased the expression of SCD1 in tumor cells
through PI3K/Akt/mTOR pathway.

In addition to its extracellular proteases function, CTSB
could also bind to cell surface receptors. We therefore asked
which receptor mediates the CTSB-induced SCD1 over-
expression. To answer this question, we tested whether the
expression of SCD1 was influenced by transducing shRNAs
targeting the cell surface proteins, which are associated with
CTSB. The results showed that targeting Anxa2 remarkably
reduced the expression level of SCD1 (Supplementary
Figure S5d). The transducing Anxa2 shRNAs showed a
significant reduction in the expression of ANXA2 both at
mRNA and protein levels (Fig. 6e). Similarly, targeting
Anxa2 blocked the fibroblast-mediated activation of PI3K/
Akt/mTOR pathway and the subsequent SREBP1 and
SCD1 expressions (Fig. 6f). Meanwhile, targeting Anxa2
also reversed lung fibroblast-mediated increase of tumor
cell proliferation (Fig. 6g). Altogether, these data indicate
that CTSB induces the expression of SCD1 in tumor cells
through ANXA2.

Next, we performed an in vivo study to investigate
whether inhibition of CTSB could suppress lung fibroblast-
mediated promotion of metastatic colonization. We intra-
venously co-injected freshly isolated LF with B16F10 cells
into mice and treated the mice with Z-FA-FMK once daily
for 7 days. We found that Z-FA-FMK treatment sig-
nificantly suppressed fibroblast-increased metastasis (Fig.
6h, i). Collectively, these data confirm that upregulation of
SCD1 in tumor cells elicited by CTSB is an essential
mechanism that mediates lung fibroblast-promoted meta-
static colonization (Fig. 7f).

High SCD1 gene expression is associated with
shorter DFS in cancer patients

To extend our study to human cancers, we analyzed SCD1
expression in melanoma patients in different stages. The
clinical features of melanoma patient samples are shown in
Supplementary Table 3. We observed increased SCD1
protein expression in lymph node metastatic melanoma
compared with benign and primary malignant tumor (Sup-
plementary Figure S6a). Meanwhile, the expression of
SCD1 did not show significant difference among benign
tumor and different stages of primary malignant tumor
(Supplementary Figures S6b and c). In the
B16F10 subcutaneous model, the expression of SCD1 was
also increased in lung metastasis compared with B16F10
primary tumor (Supplementary Figures S6d and e). These
findings demonstrate that SCD1 is mainly upregulated in
tumor cells at distant organs.

We also examined the clinical significance of SCD1
expression among skin cutaneous melanoma and other four
cancer types at the mRNA level using TCGA datasets.

Patients were stratified as either SCD1 high or low
expression. Patients with high SCD1 expression displayed
significantly shorter DFS than the rest of patients in skin
cutaneous melanoma (P= 0.0043, Fig. 7a). Interestingly,
survival analyses also revealed a link between increased
SCD1 expression level and shorter DFS among uveal
melanoma (P= 0.0056, Fig. 7b), kidney renal clear cell
carcinoma (P= 0.0009, Fig. 7c), pancreatic adenocarci-
noma (P= 0.0289, Fig. 7d), and thymoma (P= 0.0432,
Fig. 7e). Taken together, these results illustrate that SCD1
expression is clinically relevant in cancer patients, possibly
linking SCD1 expression with tumor progression.

Discussion

Emerging evidence suggests that the supportive stroma is
critical for metastatic colonization of tumor cells in distant
organs [7, 20, 21]. Our findings identify the initiation of
melanoma lung metastasis via SCD1-induced fatty acid
composition changes in tumor cells, which was mediated by
fibroblast-secreted CTSB. Meanwhile, inhibition of
SCD1 significantly suppressed lung metastasis and pro-
longed the overall survival of mice. We believe that tar-
geting SCD1 offers an important therapeutic opportunity in
preventing tumor metastasis.

Our previous studies suggested that certain factors
expressed in LF, such as MMPs, angiopoietin 2, and miR-
30s, can influence the pulmonary vascular integrity in pre-
metastatic phase [22, 23]. Other groups also found that
fibroblast-secreted fibronectin makes lung a docking site for
the subsequent arrived tumor cells [24]. In this work, our
data demonstrate a critical role of LF in metastatic coloni-
zation, the time after tumor cells arrival. CTSB is frequently
overexpressed in several types of cancer and correlated with
a poor prognosis [25, 26]. Previous studies have suggested
that CTSB plays multiple roles in tumor development,
including initiation, proliferation, angiogenesis, invasion,
and metastasis [27]. It is noteworthy that CTSB-deficient
mice displayed reduced metastatic burden in the lungs [28].
Peters and colleagues also reported that macrophage-
secreted CTSB enhanced the metastasis of mammary car-
cinomas to the lungs [29]. In addition to the roles of tumor
cell-derived CTSB in tumor progression, these studies
revealed that CTSB plays a vital role in crosstalk between
tumor cells and stromal cells in tumor metastasis. Our
results demonstrated that fibroblast-secreted CTSB facili-
tated metastatic colonization through the influences on
SCD1 expression and subsequent fatty acid composition
changes in tumor cells. In addition to CTSB, we also found
other cysteine cathepsins, such as cathepsin L and cathepsin
Z, were secreted by fibroblasts after B16F10-CM treatment
in our mass spectrometry results (data not show). Due to the
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important roles of cysteine cathepsins in different stages of
tumor progression [19], it will be of great interest to
investigate the specific mechanisms by which
tumor–stromal interactions promote metastatic colonization
through cysteine cathepsins.

In order to support rapid growth and proliferation, tumor
cells must achieve high rates of fatty acid synthesis. During
this process, mTOR signaling serves as a central regulator
of lipid metabolism [10]. SREBP transcription factors are
key regulators of lipogenic genes, including SCD1 [17]. It is
well established that mTOR complex 1 (mTORC1) reg-
ulates lipogenesis by activating SREBPs in an S6K-
dependent or S6Kindependent manner [30, 31]. Meanwhile,
mTOR complex 2 (mTORC2) also stimulates lipogenesis
through Aktmediated activation of SREBP1 [32, 33]. In this
work, we found that cocultured with fibroblasts increased
the phosphorylation level of S6K, which elevated the
expression of SREBP1 and SCD1. SCD1 is a pivotal con-
stituent in fatty acid metabolism which generates MUFAs
from SFAs [34]. Apart from the important roles in lipid
storage and obesity, MUFAs are key precursors of mem-
brane phospholipids, triglycerides, and cholesterol esters.
MUFAs are also involved in signal transduction which can
stimulate tumor cell growth [35]. Our results demonstrated
that the fatty acid composition in tumor cells was changed
when cocultured with LF. A higher level of MUFA (oleic
acid) and a lower level of SFAs (palmitic acid and stearic
acid) were found in tumor cells cocultured with LF. It was
reported that SFAs can induce cell apoptosis through the
generation of ceramide and reactive intermediates. And the
presence of SCD1 can prevent the lipotoxicity through the
conversion of SFAs to MUFAs [36]. Accili’s group recently
have illustrated a shared mechanism of obesity and tumor
progression mediated by the expression of SCD1 [37].
Huang and colleagues also proved that SCD1 is associated
with tumor promotion and poor survival in lung adeno-
carcinoma [38]. Our studies provide deeper insights into
how fatty acid composition influences metastatic coloniza-
tion. The involvement of lipid metabolism in tumor pro-
gression is an intriguing issue which needs further
investigation.

In addition to its influence on fatty acid composition,
Copland’s group showed that SCD1 supports tumor cell
proliferation through induction of endoplasmic reticulum
stress in clear cell renal cell carcinoma [13]. SCD1 is also
reported to regulate autophagy-induced cell death and
chemoresistance in hepatocellular carcinoma [39, 40]. Our
work, for the first time, clarifies the importance of SCD1 in
lung metastatic colonization. Both genetic knockdown and
pharmacological inhibition of SCD1 compromised lung
fibroblast-promoted metastasis and prolonged the overall
survival of mice. These results provide further insights in
understanding the role of LF in promoting metastatic

colonization. Notably, inhibition of SCD1 may target mul-
tiple signal pathways, with an extensive inhibitory effect on
tumor metastasis.

In summary, our work identifies SCD1 as a key mod-
ulator of tumor cell proliferation that is activated by lung
fibroblast-secreted CTSB at the metastatic niche. Therefore,
inhibition of CTSB or SCD1 offers promising therapeutic
approaches for the treatment of tumor metastasis.

Materials and methods

Cell culture, reagents, and antibodies

All melanoma cell lines (B16F10, A875, and A375), human
fetal LF MRC5 and human embryonic kidney cell line
HEK-293T were obtained from the American Type Culture
Collection (Manassas, VA, USA). The isolation of murine
LF were described in supplementary methods as previously
mentioned [23]. Cells were maintained in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal
bovine serum and 1% antibiotics. Z-FA-FMK, KU-
0063794, and LY294002 were from Selleck Chemical
(Houston, TX, USA). CAY10566 and oleic acid were from
Cayman (Ann Arbor, MI, USA). Palmitic acid was from
Sigma-Aldrich (St. Louis, MO, USA). CTSB was from Sino
Biological Inc. (Beijing, China). Antibodies against p-Akt,
Akt, p-mTOR, mTOR, p-S6K, S6K, p-S6, S6, and PCNA
were from Cell Signaling Technology (Beverly, MA, USA).
Antibodies against QPRT, CEP55, HSP90, β-actin,
SREBP1, ANXA2, and CTSB were from Abcam (Cam-
bridge, UK). Antibodies against TAOK2 and CDK1 were
from Bioworld Technology (Louis Park, MN, USA).
Antibodies against SCD1, RAC3, PLTP, α-SMA, and
RNF114 were from GeneTex (San Antonio, TX, USA).

Cell proliferation analysis

B16F10 cells (2× 103 cells per well) were plated in 48-well
plates and cultured for 24 h, then the upper chamber plated
with LF (2× 103 cells per chamber) was settled in the 48-
well plates for coculture. Cell proliferation was determined
using the colorimetric Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Kumamoto, Japan) after 72 h, as
reported [41]. The concentrations of drugs and fatty acids
were as follows: CAY10566, 10 μM [42]; KU-0063794, 1
μM [43]; LY294002, 10 μM [44]; Z-FA-FMK, 10 μM [45];
oleic acid, 25 μM [11]; and palmitic acid, 50 μM [46].

Gene expression analysis

B16F10 cells were cocultured with LF for 24 or 48 h. Total
RNAs were extracted and the gene expression was
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measured by qRT-PCR using a previously described pro-
tocol [47]. All primers used are listed in Supplementary
Table 1.

Plasmids and cell transfection

HEK-293T were co-transfected with the packaging vector
psPAX2, envelope plasmid pVSVG, and transfer plasmid
SGEP [48] containing the shRNA species targeting Scd1.
SGEP containing Ren.713 shRNA served as negative con-
trol as reported [48]. Following 72 h, the HEK-293T med-
ium containing the virus was collected, filtered through an
0.45 µM PVDF filter and transferred to B16F10 plate. The
medium was replaced after 72 h and cells containing the
integrated virus were selected with puromycin (50 ng/µl).
shRNAs targeting Anxa2, Tlr9, Itgb1, Igfbp7, Plaur, and
Fgfr2 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Sequences of all the shRNAs used are listed in
Supplementary Table 1

Fatty acid composition analysis

Cell lipids were extracted using the Lipid Extraction Kit
from BioVision (Milpitas, CA, USA) and were esterified
with methanol. Fatty acid methyl esters were analyzed for
fatty acid composition by ISQTM GC–MS system (Thermo
Scientific, TX, USA). The detailed analytical conditions are
described in supplementary methods.

Liquid chromatography–tandem mass spectrometry

For identification of lung fibroblast-secreted factors in
coculture system, conditioned medium from B16F10, LF,
or B16F10-CM-treated LF were separated by SDS-PAGE.
The differential bands were analyzed by liquid
chromatography–tandem mass spectrometry (LC–MS/MS),
as previously described [49]. The detailed analytical con-
ditions are described in supplementary methods.

Animal studies

All animal studies were approved by the Institutional Ani-
mal Care and Use Committee of Tsinghua University
(project numbers: 13-LYZ2 and 17-LYZ1). B16F10 cells
(1× 105 per mouse) with or without freshly isolated LF
(1× 105 per mouse) were intravenously injected from
C57BL/6 mice (6 weeks of age) tail vein. Then, mice were
treated with CAY10566 (2.5 mg/kg) [50] or Z-FA-FMK (1
mg/kg) [51] for 7 days. Lung metastasis was detected
21 days after cell injection. A375 cells (1× 105 per mouse)
with or without MRC5 cells (1× 105 per mouse) were
intravenously injected from BALB/c nude mice (6 weeks of

age) tail vein. Lung metastasis was detected 49 days after
cell injection. Lung sections were stained with haematox-
ylin and eosin. The lung metastasis areas were measured
with Image Pro Plus (Media Cybernetics). The investigator
was blinded during the experiments.

Survival analysis of TCGA datasets

The publicly available cBioPortal for Cancer Genomics
(http://www.cbioportal.org/) [52, 53] and The Cancer
Genome Atlas (TCGA) datasets were utilized to analyze
SCD1 gene expression and DFS in five types of cancer.

Statistical analysis

The samples were allocated to experimental groups in a
completely random design. All experiments were performed
in triplicates whenever applicable. The sample size and the
significance analysis are specified in figure legends. Data
were presented as mean ±SD except for pulmonary metas-
tasis data, which were expressed as mean ±SEM. Statistical
significance of differences was assessed by two-tailed Stu-
dent’s t-test. Survival analysis was assessed by Mantel–Cox
log-rank test. A value of P< 0.05 was considered sig-
nificant compared with controls.
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