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A chemokine regulatory loop induces cholesterol
synthesis in lung-colonizing triple-negative
breast cancer cells to fuel metastatic growth
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Triple-negative breast cancer (TNBC) has a high propensity for
organ-specific metastasis. However, the underlying mecha-
nisms are not well understood. Here we show that the primary
TNBC tumor-derived C-X-C motif chemokines 1/2/8 (CXCL1/
2/8) stimulate lung-resident fibroblasts to produce the C-C
motif chemokines 2/7 (CCL2/7), which, in turn, activate choles-
terol synthesis in lung-colonizing TNBC cells and induce
angiogenesis at lung metastatic sites. Inhibiting cholesterol
synthesis in lung-colonizing breast tumor cells by pulmonary
administration of simvastatin-carrying HER3-targeting nano-
particles reduces angiogenesis and growth of lung metastases
in a syngeneic TNBCmousemodel. Our findings reveal a novel,
chemokine-regulated mechanism for the cholesterol synthesis
pathway and a critical role of metastatic site-specific cholesterol
synthesis in the pulmonary tropism of TNBC metastasis. The
study has implications for the unresolved epidemiological
observation that use of cholesterol-lowering drugs has no effect
on breast cancer incidence but can unexpectedly reduce breast
cancer mortality, suggesting interventions of cholesterol syn-
thesis in lung metastases as an effective treatment to improve
survival in individuals with TNBC.

INTRODUCTION
Breast cancer is a highly heterogeneous disease characterized by
distinct molecular and clinical features. Triple-negative breast cancer
(TNBC) comprises a subgroup of tumors that lack expression of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2), as determined by immu-
nohistochemistry.1 It is commonly associated with the basal-like
feature, which is defined by a gene expression pattern resembling
that of basal or myoepithelial cells of the normal breast.2,3 Clinically,
basal cytokeratin markers are used to identify basal-like breast can-
cers (BLBCs) in TNBC.1,4 TNBC is associated with a poor prognosis
and high mortality rate largely because it is prone to develop distant
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recurrence.4 Distinct subtypes of breast cancer have different metasta-
tic patterns. TNBC spreads preferentially to the lungs and brain.5,6

Elucidating the biological basis of this TNBC metastatic propensity
will provide clinically applicable tools for developing therapeutic
interventions against latent and active metastatic disease.

Previous work suggests that the crosstalk between primary tumor
cells and the microenvironmental components of distant organs,
such as fibroblasts and resident and recruited immune cells, is a key
factor in dictating organ-specific metastasis.7–9 This tumor cell-
microenvironment interaction facilitates formation of a supportive
microenvironment in a distant organ, which promotes survival and
proliferation of invading primary tumor cells.9 In particular, several
inflammatory factors that mediate this metastatic process have been
identified, including the C-X-C motif chemokine ligand 12
(CXCL12)/C-X-C chemokine receptor type 4 (CXCR4),10 nuclear
factor kB ligand,11 serum amyloid A3,12 and C-C motif chemokine
ligand 2 (CCL2).13,14 Tumor-derived extracellular vesicles, such as
exosomes15 and microvesicles,16 have also been shown to be involved
in breast cancer organ-specific metastasis via transported micro-
RNAs. Although much knowledge has been gained regarding breast
cancer development and progression, the underlying mechanism of
the organ tropism of TNBC metastasis is still not well understood.

In the present study, we attempted to systemically identify key
secreted factors from breast tumor cells that interact with the
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lung microenvironment and govern lung metastasis formation in
TNBC. We found a small set of TNBC tumor cell-derived chemo-
kines, CXCL1/2/8, that elicit lung-resident fibroblasts to activate
cholesterol synthesis in lung-colonizing TNBC cells and, therefore,
lung metastasis formation. These findings may have significant clin-
ical implications. Previous studies have shown that cholesterol-
lowering drugs, such as statins, had no significant effects on the
incidence of colorectal cancer,17,18 lung cancer,19,20 prostate can-
cer,21,22 and breast cancer.23–25 However, a protective effect
of lipophilic statins (such as simvastatin) in reducing recurrence
has been observed in breast cancer.26–28 More importantly, use of
lipophilic statins dramatically reduced mortality in individuals
with breast cancer. For example, in a meta-analysis, there was a
43% mortality reduction in individuals with breast cancer taking
lipophilic statins.29 Nationwide cohort studies in Finland showed
�50% mortality reduction.30 Dramatic reductions have also been
seen in nationwide cohorts in the UK31 and Scotland.32 In line
with these clinical observations, studies performed in mouse models
show that a high-cholesterol diet promotes mammary gland tumor
progression and lung metastasis.33 The molecular and cellular
mechanisms underlying these epidemiological and animal observa-
tions remain unclear. The discovery of lung metastatic site-specific
cholesterol synthesis activation and its role in metastatic growth
provide important implications for the perplexing epidemiological
observation that statins reduce the mortality of individuals with
breast cancer but not incidence.26–28

RESULTS
A unique set of chemokines is upregulated in TNBC cells

To identify pivotal secreted factors from TNBC cells that help
engage the lung microenvironment to fuel metastatic colonization,
we started with established cell models. Given that the FOXC1 tran-
scription factor is a critical marker for TNBC/BLBC and a prognos-
ticator for TNBC lung metastasis,34–36 we set out to compare gene
expression profiles in control (FOXC1-low) and FOXC1-overex-
pressing TNBC cells using microarray assays (GEO: GSE73234).37

A group of chemokines was found to be among the top upregulated
genes induced by FOXC1, including CXCL1/2/8/10 and CCL20 (Fig-
ure 1A). Upregulation of these chemokines was confirmed by real-
time RT-PCR assays and enzyme-linked immunosorbent assays
(ELISAs) (except for CXCL10; Figures S1A and S1B). mRNA upre-
gulation of CXCL1/2/8 and CCL20 was also detected in primary
TNBC human breast tumor cultures transfected with FOXC1 (Fig-
ure S1C). Analysis of The Cancer Genome Atlas (TCGA) dataset
showed significant positive correlations between the levels of
FOXC1 and the four chemokines in human breast tumors (Fig-
ure 1B). These positive associations were also observed in 14 other
breast cancer microarray datasets (Table S1) and a microarray data-
set of 51 human breast cancer cell lines38 (Figure S1D). Furthermore,
CXCL1/2/8 and CCL20 showed higher expression levels in TNBC/
BLBC versus the other subtypes in a microarray dataset in which
medullary breast cancer was studied39 (Figure 1C). These results
indicate that the chemokines CXCL1/2/8 and CCL20 are upregu-
lated in TNBC.
We then explored the mechanism by which these chemokines are up-
regulated in TNBC cells. Given that nuclear factor kB (NF-kB)
signaling has been shown to upregulate chemokine expression in
different cell types42–46 and that FOXC1 enhances NF-kB activity
in TNBC cells,47 we reasoned that NF-kB may mediate FOXC1-
induced upregulation of the four chemokines. To address this, we
used CRISPR-Cas9 to perform p65 knockout (KO) in FOXC1-over-
expressing MDA-MB-231 cells (Figure S1E). As shown in Figure 1D,
mRNA expression of CXCL1/2/8 and CCL20 was reduced in p65 KO
cells, suggesting that NF-kB is involved in upregulation of CXCL1/2/8
and CCL20 by FOXC1 in TNBC cells. However, knockdown of p65
only partially attenuated FOXC1-induced upregulation of CXCL1/
2/8, whereas CCL20 induction was completely reversed by p65 knock-
down. These results suggest that, in addition to involvement of p65,
some other potential mechanism might also play a role in upregula-
tion of CXCL1/2/8. Interestingly, the consensus FOXC1 DNA-bind-
ing sequence GTAAAT(/C)AA(/T/C)A(/G/T)48 is located in the
CXCL1/2/8 promoters (Figure 1E), so we speculated that FOXC1
may directly bind to the promoters of the CXCL1/2/8 genes in
TNBC cells. We thus cloned the CXCL1/2/8 promoter fragments con-
taining the potential FOXC1-binding sites into the luciferase reporter
vector pGL4 and performed luciferase assays. As presented in Fig-
ure 1F, luciferase activity was highly induced by FOXC1 overexpres-
sion, suggesting that FOXC1 can activate the CXCL1/2/8 promoters.
Chromatin immunoprecipitation (ChIP) assays further indicated
binding of FOXC1 to the CXCL1/2/8 promoter regions (Figure 1G).
It is well established that p65 can upregulate CXCL1/2/8 expression
by directly binding to their promoters.42,49 Our findings suggest
that CXCL1/2/8 expression induction by FOXC1 in TNBC cells is
partially mediated by NF-kB and may also involve direct activation
of their promoters by FOXC1.

CXCL1/2/8 enhance lung metastasis in TNBC

Chemokines are known to play essential roles in cancer development
and metastasis.50 To test whether CXCL1/2/8 and CCL20 expression
is associated with TNBC lung metastasis, we combined and analyzed
572 human breast cancer samples from three microarray data-
sets51–53 and found that elevated levels of CXCL1/2/8 and CCL20
were correlated significantly with worse lung metastasis-free survival
(Figure 2A, top panel). In contrast, these correlations were not
observed in the bone metastasis-free survival analysis (Figure 2A,
bottom panel). To examine the potential involvement of these che-
mokines in TNBC, we simultaneously knocked out expression of
CXCL1/2/8 and CCL20 using the CRISPR-Cas9 lentiviral system
in FOXC1-overexpressing MDA-MB-231 cells (Figure S2A). In
orthotopic xenograft mouse models, blockade of the expression of
these chemokines dramatically reduced the size of lung metastatic
foci (Figure 2B, left panel) and the number of metastatic nodules
(Figure 2B, right panel). These findings suggest that the chemokines
CXCL1/2/8 and CCL20 collectively play an essential role in TNBC
lung metastasis formation.

Next we explored the potential effects of these chemokines in driving
metastasis. Simultaneous KO of CXCL1/2/8 and CCL20 had no
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Figure 1. The chemokines CXCL1/2/8 and CCL20 are upregulated in TNBC

(A) Heatmap of CXCL1/2/8/10 and CCL20 levels from the cDNA microarrays of control and FOXC1-overexpressing MDA-MB-231 cells. (B) Pearson correlation analysis of

CXCL1/2/8 and CCL20mRNA levels versus FOXC1 in the TCGA dataset (n = 526, around 15% samples have a higher FOXC1 expression).2 Linear regression analysis was

performed. (C) Differential expression ofCXCL1/2/8 andCCL20 in different breast cancer subtypes in amicroarray dataset.39 Themolecular subtypes were determined using

the single sample predictor classifier,40 and the data were normalized using distance weighted discrimination.41 (D) Real-time RT-PCR analysis ofCXCL1/2/8/10 andCCL20

in control, FOXC1-overexpressing, and FOXC1-overexpressing p65 KO MDA-MB-231 cells. (E) Diagram of predicted FOXC1-binding sites in CXCL1/2/8 promoters. (F)

CXCL1/2/8 promoter luciferase reporter assays. CXCL1/2/8 promoter fragments containing the FOXC1-binding sites were cloned into the pGL4 luciferase reporter vector.

The resulting constructs were transfected into MDA-MB-231 cells together with pCMV6-entry (control) or pCMV6-entry-FOXC1. (G) ChIP assays using anti-FOXC1 antibody.

The pull-down of the CXCL1/2/8 promoter fragments was tested by real-time RT-PCR using primers flanking the FOXC1-binding sites. The bar graph indicates mean ± SD

(n = 3). **p < 0.01, ***p < 0.001, ****p < 0.0001.
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effects on migration and invasion of FOXC1-overexpressing TNBC
cells in vitro, as revealed by wound healing (Figure S2B) and Boyden
chamber assays (Figures S2C and S2D). Cell proliferation assays (Fig-
ure S2E) and orthotopic xenograft mouse models (Figure S2F)
showed that the growth of TNBC cells in vitro or in vivo was not
affected by synchronous chemokine KO. To determine whether these
chemokines play a role in tumor cell extravasation in the lung
tissue, we injected tumor cells labeled with the green dye CMFDA
674 Molecular Therapy Vol. 30 No 2 February 2022
(5-chloromethylfluorescein diacetate) through the tail vein. As pre-
sented in Figure S2G, inhibiting expression of the chemokines did
not change the tumor cell extravasation ability. However, when tumor
cell outgrowth in the lung was examined as early as 5 days after tail
vein injection, the size of the metastatic foci in the chemokine KO
group was reduced significantly (Figure S2H), suggesting that these
chemokines may regulate outgrowth of the tumor cells disseminated
in the lung.



Figure 2. CXCL1/2/8 regulates lung metastasis of TNBC cells

(A) Kaplan-Meier analysis of the lung and bone metastasis-free survival for CXCL1/2/8, CCL20, and FOXC1 in combined microarray datasets of human breast cancer (n =

572; GEO: GSE12276, GSE2603, and GSE2034). To remove the systematic biases, the expression values were converted to Z scores for all genes prior to combining the

three datasets. (B) orthotopic xenograft mammary tumor models to evaluate the formation of lung metastasis. 1 � 106 control, FOXC1-overexpressing, or FOXC1-over-

expressing chemokine-KOMDA-MB-231 cells were injected into themammary fat pads. Mouse lungs were collected 5weeks after injection (n = 5). Metastatic nodules in the

lungs were counted (right panel), and lung sections were stained by hematoxylin and eosin (left panel). (C) ELISA analysis of CXCL1/2/8 and CCL20 levels in mouse serum.

Blood samples were collected when the mice in (B) were sacrificed. The values of the concentration were calculated by the standard curves (negative values indicate

extremely low levels). (D) Syngeneic mouse models to evaluate lung metastasis formation capacity. 3 � 106 EO771 cells were injected into wild-type or cxcr2+/� C57BL/6

mice through the tail vein (n = 5). Mouse lungs were collected 6 weeks after injection. Metastatic nodules were counted (right panel), and lung sections were stained by

hematoxylin and eosin (left panel). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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We then tested whether elevated expression of the chemokines in the
primary tumors leads to increased circulating chemokine levels in the
mice used in Figure 2B. ELISAs showed that mice with chemokine KO
tumors had lower circulating levels of CXCL1/2/8 compared with
FOXC1-overexpressing mice (Figure 2C). Surprisingly, there was no
significant elevation of circulating CCL20 in the FOXC1-overexpress-
ing group (Figure 2C), suggesting that FOXC1-high breast tumors
may not give rise to an increase in secreted or circulating CCL20 levels
in vivo. Therefore, we focused on CXCL1/2/8 in the following studies.

It is known that CXCL1/2/8 share a common receptor, CXCR2.54 To
confirm the role of CXCL1/2/8 in TNBC lung metastasis, we injected
EO771 cells, a mouse TNBC cell line derived from tumors of C57BL/6
mice, into wild-type and cxcr2-heterozygous (cxcr2+/�) C57BL/6
mice55 through the tail vein. Lung metastasis was abolished even by
cxcr2 heterozygous deficiency (Figure 2D), indicating that the
CXCR2-CXCL1/2/8 signaling cascade is necessary for outgrowth of
lung-colonizing TNBC cells. These data suggest an important role
of primary tumor cell-derived CXCL1/2/8 in TNBC lung metastasis.

CXCL1/2/8 promote angiogenesis through lung fibroblasts

We speculated that CXCL1/2/8 might act on the tissue microenviron-
ment to facilitate metastatic outgrowth of TNBC cells that have
extravasated into the lungs. Because it has been well recognized
that chemokines can regulate angiogenesis,50,56 we examined whether
CXCL1/2/8 regulate angiogenesis in lungmetastases samples from the
mice used in Figure 2B. There was a higher density of blood vessels, as
detected by staining CD31, an endothelial cell marker, in FOXC1-
overexpressing MDA-MB-231 cell xenograft tumors compared with
controlMDA-MB-231 cell tumors (Figure 3A). This increase in vascu-
lature was abolished in CXCL1/2/8 KO tumors (Figure 3A). These
results suggest that high levels of CXCL1/2/8 in primaryTNBC tumors
are essential for angiogenesis in lung metastases.

To address whether specific host lung resident cells are involved in
induction of angiogenesis by CXCL1/2/8, we isolated fibroblasts,
macrophages, neutrophils, and endothelial cells from normal lung
tissue of 4-week-old mice and performed lung endothelial cell
migration assays. Lung fibroblasts, macrophages, and neutrophils
have been shown to express Cxcr2.57–59 As illustrated in Figure 3B,
when fibroblasts, but not macrophages or neutrophils, were co-
cultured with FOXC1-overexpressing MDA-MB-231 cells, it led to
enhanced migration of lung endothelial cells. Interestingly,
FOXC1-overexpressing MDA-MB-231 cells were essential for this
enhanced migration because CXCL1/2/8 proteins by themselves
could not significantly increase endothelial cell migration (Fig-
ure 3B). Similar results were found in tube formation assays when
conditioned media of co-cultured fibroblasts, FOXC1-overexpress-
ing MDA-MB-231 cells, and CXCL1/2/8 proteins were added to
endothelial cells seeded on top of Matrigel. The resulting tube for-
mation capacity was increased significantly compared with the other
groups (Figure 3C). In line with these results, chemokine neutraliza-
tion using anti-CXCL1/2/8 antibodies inhibited lung endothelial cell
migration (Figure 3D) and tube formation (Figure 3E). Similar re-
676 Molecular Therapy Vol. 30 No 2 February 2022
sults were obtained when cxcr2+/� lung fibroblasts replaced the
cxcr2-wild-type fibroblasts (Figures 3D and 3E). These data suggest
that CXCL1/2/8 mediate the cumulative effect of TNBC cells and
lung fibroblasts on angiogenesis in TNBC lung metastasis.

CXCL1/2/8 stimulate CCL2/7 expression in lung fibroblasts

Given our previous results, it is reasonable to speculate that CXCL1/2/
8 proteins stimulate lung fibroblasts to secrete certain factors into the
in vitro culture system to induce migration of lung endothelial cells.
To uncover those potential factors, we treated isolated mouse lung
fibroblasts with recombinant human CXCL1/2/8 proteins and per-
formed RNA sequencing (RNA-seq) (GEO: GSE131306). Review of
the RNA-seq data using Ingenuity Pathway Analysis (IPA) identified
a number of factors that were filtered by the “extracellular space”
cellular localization feature (Figure 4A). To identify the potential
secreted factors that mediate lung fibroblast-regulated angiogenesis,
we knocked down five top upregulated genes individually using small
interfering RNAs (siRNAs) (Figure S3A). In vitro angiogenesis assays
showed that knockdown of chemokine Ccl2 or Ccl7 impaired the
migration (Figure 4B) and tube formation (Figure 4C) capacities of
mouse lung endothelial cells, suggesting that these two chemokines
are important players mediating lung fibroblast-induced angiogenesis
in TNBC metastasis. IPA functional analysis also revealed some hor-
mone-related signaling pathways activated by CXCL1/2/8 in mouse
lung fibroblasts, such as glucocorticoid receptor signaling (Fig-
ure S3B). These hormone-related pathways may be involved in induc-
tion of CCL2/7 in lung fibroblasts.60

To further corroborate induction of CCL2/7 in lung fibroblasts in
TNBC lungmetastases, we performed RNAscope in situ hybridization
assays in normal human lung tissue and lung tissue with TNBCmetas-
tases. As shown in Figure 4D, CCL2/7 mRNAs were upregulated
dramatically in the fibroblast component of the lung tissue with
TNBC metastases compared with normal lung tissues. The corre-
sponding localization of the fibroblasts in those lung tissues
was supported by vimentin immunohistochemistry (IHC) staining
(Figure S3C). CCR2, the common receptor for CCL2/7, was also ex-
pressed in tumor cells in human TNBC lung metastases, as shown
by IHC (Figure S3D). In addition, we isolated cancer-associated fibro-
blasts (CAFs) from lungmetastasis samples and treated those cells with
CXCL1/2/8. Ccl2/7 mRNA induction was observed in mouse lung
CAFs (Figure 4E). CCL2/7 mRNA induction by CXCL1/2/8 was also
detected in the normal human lung fibroblast cell line IMR-90 (Fig-
ure 4F). To assess whether the CXCL1/2/8 effect on CCL2/7 is lung
fibroblast specific, we isolated fibroblasts from the mouse liver and
bone marrow, two other common sites for breast cancer metastasis.6

Real-time RT-PCR analysis showed that Ccl2/7 expression was not
induced significantly by CXCL1/2/8 in those fibroblasts (Figure 4G).
Moreover, Ccl2/7mRNA induction by CXCL1/2/8 was only observed
in lung fibroblasts but not in macrophages, neutrophils, endothelial
cells, immortalized lung epithelial cells, or TNBC tumor cells (Fig-
ure S3E). These results suggest that the CXCL1/2/8-CCL2/7 regulation
axis reflects the interaction between TNBC cells and lung fibroblasts in
lung metastasis-associated angiogenesis.



Figure 3. CXCL1/2/8 promote angiogenesis through lung fibroblasts in TNBC lung metastases

(A) Representative images of blood vessels stained with CD31 (red) in mouse lung metastases of Figure 2B. The blood vessel density was quantified by ImageJ software (n =

10 view fields; two view fields per mouse, 5 mice were examined). Magnification, 400�. (B) migration assays of isolated mouse lung endothelial cells. 2� 105 freshly isolated

mouse lung endothelial cells were suspended in Vasculife medium and placed into ECM-coated chambers. Chemokines and/or other different cells were added to the

bottom chamber. The migrated cells were stained after 16 h of incubation, and the dye was extracted and measured at OD560 using a luminometer. Recombinant human

CXCL1 (8 nM)/2 (2 nM)/8 (20 nM) proteins or different cell types were added to the bottom chamber of the assay system. (C) Tube formation assays of isolated mouse lung

endothelial cells. Recombinant human CXCL1 (8 nM)/2 (2 nM)/8 (20 nM) proteins or the supernatant of single or co-culture of different cell types were added to the medium of

endothelial cells cultured on the surface of Matrigel. (D) Migration assays of isolated mouse lung endothelial cells. Recombinant human CXCL1 (8 nM)/2 (2 nM)/8 (20 nM)

proteins, antibodies, or different cell types were added to the bottom chamber. (E) Tube formation assays of the isolated mouse lung endothelial cells. Recombinant human

CXCL1 (8 nM)/2 (2 nM)/8 (20 nM) proteins, neutralizing antibodies, or the supernatant from single- or co-culture of different cell types were added to themedium of endothelial

cells cultured on the surface of Matrigel. The bar graph indicates mean ± SD. *p < 0.05, **p < 0.01.
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CCL2/7 induce cholesterol synthesis in lung-colonizing TNBC

cells

Because TNBC cells and lung fibroblasts cooperate to elicit in vitro
angiogenesis by lung endothelial cells, we wanted to find out whether
lung fibroblast-derived CCL2/7 might interact with lung-colonizing
tumor cells to promote angiogenesis. To test this, we treated
FOXC1-overexpressing MDA-MB-231 cells, which express the
CCL2/7 receptor CCR2 (Figure S4A), with recombinant mouse
Ccl2/7 proteins for 6 h and performed RNA-seq (GEO:
GSE131383). Strikingly, IPA of the gene expression profiles in control
Molecular Therapy Vol. 30 No 2 February 2022 677
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Figure 4. Lung fibroblasts increase CCL2/7 expression in response to CXCL1/2/8

(A) heatmap showing the top upregulated proteins secreted into the extracellular space. RNA-seq experiments were performed using control and human CXCL1 (8 nM)/2

(2 nM)/8 (20 nM)-treated (6 h)mouse lung fibroblasts. (B)migration assays of isolatedmouse lung endothelial cells. FOXC1-overexpressingMDA-MB-231cells andmouse lung

fibroblasts transfectedwithdifferent siRNAswere added to the bottomof the assay system. (C) Tube formation assaysof isolatedmouse lungendothelial cells. The supernatant

of FOXC1-overexpressing MDA-MB-231 cells and lung fibroblasts transfected with different siRNAs were added to the medium of endothelial cells cultured on the surface of

Matrigel. (D) RNAscope in situ hybridization assays ofCCL2/7mRNAs in normal human lungs and lungs with TNBCmetastases. Arrow, positive red RNA signal in fibroblasts

adjacent to metastatic tumor cells. (E) Real-time RT-PCR assays of Ccl2/7mRNA expression in cancer-associated fibroblasts (CAFs) of lung metastases. (F) Real-time RT-

PCR ofCCL2/7mRNAs in control cells or the humanCXCL1 (8 nM)/2 (2 nM)/8 (20 nM)-treated normal human lung fibroblast cell line IMR-90. (G) Real-time RT-PCR assays of

Ccl2/7 mRNA expression in fibroblasts isolated from mouse bone marrow or liver. The bar graph indicates mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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and Ccl2/7-treated cells revealed that the predominant cellular path-
ways activated by Ccl2/7 were related to cholesterol synthesis (Fig-
ure 5A). This result was validated by real-time RT-PCR of cholesterol
678 Molecular Therapy Vol. 30 No 2 February 2022
synthesis-associated genes (Figure 5B). ELISA results also showed
that the cholesterol concentration in TNBC cell culture supernatant
was elevated after Ccl2/7 treatment (Figure S4B). Using IHC, we



Figure 5. CCL2/7 induce cholesterol synthesis in lung-colonizing TNBC cells

(A) Gene Ontology (GO) analysis of the upregulated genes. RNA-seq experiments were performed in control and mouse Ccl2 (10 nM)/7 (50 nM)-treated (6 h) FOXC1-

overexpressing MDA-MB-231 cells. (B) Real-time RT-PCR confirming upregulation of cholesterol synthesis-associated genes identified by RNA-seq. (C) IHC of HMGCR and

HMGCS1 in human primary TNBC tumors and matched lung metastases (n = 4 pairs). (D) Western blot of the nuclear accumulation of the mature SREBP2 protein in mouse

Ccl2 (10 nM)/7 (50 nM)-treated FOXC1-overexpressing MDA-MB-231 cells at different time points. Lamin A/Cwas used as a control. (E) IHC of SREBP2 in human TNBC lung

metastases. (F) Heatmap analysis of the upregulated secreted factors in the RNA-seq analysis performed in (A). The bar graph indicates mean ± SD (n = 3). *p < 0.05, **p <

0.01, ***p < 0.001.
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examined the expression of 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR) and another key cholesterol synthesis enzyme,
3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 (HMGCS1), in
paired samples of human primary TNBC tumors and lungmetastases.
As presented in Figure 5C, compared with the primary tumors, the
matched lung metastases displayed markedly elevated levels of
HMGCR and HMGCS1. Similar results were found in the 4T1 synge-
neic TNBC mouse breast tumors and corresponding lung metastases
(Figure S4C). These data suggest that lung fibroblast-derived CCL2/7
potentiate cholesterol synthesis in TNBC cells of lung metastases.

To understand the molecular mechanism underlying CCL2/7-
induced cholesterol synthesis, we examined the levels of the mature
form of sterol regulatory element-binding protein 2 (SREBP2), the
pivotal transcription factor governing expression of cholesterol syn-
thesis enzymes.61 Immunoblotting showed that Ccl2/7 stimulation
enhanced accumulation of the mature SREBP2 protein in the nuclei
of TNBC cells (Figure 5D). IHC of human TNBC lung metastases
demonstrated nuclear staining of SREBP2 (Figure 5E). It was also
noted that CXCL1/2/8 were among the top upregulated genes
induced by Ccl2/7 in FOXC1-overexpressing MDA-MB-231 cells
(Figure 5F). This finding may reflect a positive feedback regulatory
loop of chemokines mediating the interaction between lung fibro-
blasts and neighboring tumor cells in TNBC lung metastases.

Cholesterol produced in lung-colonizing tumor cells is

necessary for TNBC lung metastasis

To explore whether the cholesterol synthesized in lung-colonizing
TNBC cells mediates CXCL1/2/8-induced angiogenesis in lung me-
tastases, we first examined the effect of increased cholesterol levels
on lung endothelial cell migration and tube formation in vitro. Addi-
tion of recombinant Ccl2/7 or cholesterol in FOXC1-overexpressing
MDA-MB-231 cell culture dramatically increased the lung endothe-
lial cell migration and tube formation capacities, whereas treatment
with simvastatin, an HMGCR inhibitor, attenuated the Ccl2/7 effect
(Figures 6A and 6B). Inhibition of cholesterol synthesis by simva-
statin was confirmed by ELISAs (Figure S5A). Interestingly, addition
of cholesterol, simvastatin, or Ccl2/7 alone had no effect on endothe-
lial cell migration and tube formation in vitro (Figures 6A and 6B). It
is worth mentioning that cholesterol addition had no effects on endo-
thelial cell proliferation in in vitro assays (data not shown).

It has been recognized that, in addition to reducing cholesterol
production, simvastatin also blocks synthesis of the isoprenoids
Figure 6. Targeting cholesterol synthesis in TNBC cells in the lung to inhibit m

(A and B) Migration (A) and tube formation (B) assays of isolated mouse lung endo

culture medium. (C and D) Migration (C) and tube formation (D) assays of isolated

farnesyltransferase inhibitor FTI-277, or squalene synthase inhibitor YM-53601 was add

formation. 0.5 � 106 4T1 cells were injected into BALB/c wild-type mice through the

administered intranasally beginning 48 h after tumor cell injection.Mouse lungs were colle

sections were stained by hematoxylin and eosin (left panel). (F) Representative images of

was quantified by ImageJ software (n = 15 view fields). Magnification, 400�. (G) Schem

fibroblasts, and disseminated tumor cells during TNBC lung metastasis formation. *p <
geranylgeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate
(FPP),23,62 two critical substrates for protein prenylation that have
crucial functions in biological regulation.63 To further confirm that
synthesis of cholesterol, but not FPP or GGPP, is involved in endothe-
lial cell migration and tube formation in in vitro assays, we added the
geranylgeranyltransferase inhibitor GGTI-2133 or farnesyltransferase
inhibitor FTI-277 to the assays. Treatment with the inhibitors had no
effects on migration and tube formation of endothelial cells in vitro
(Figures 6C and 6D). In contrast, addition of YM-53601, an inhibitor
of squalene synthase (FDFT1) in the early steps of cholesterol synthe-
sis, significantly blocked endothelial cell migration and tube forma-
tion (Figures 6C and 6D).

We then tested the effect of elevated cholesterol synthesis on lung
metastasis formation in mouse models. To do so, 4T1 mouse
TNBC cells were injected into mice via the tail vein. The mice were
then treated intranasally with simvastatin, which was delivered specif-
ically into tumor cells in the lungs by the HER3-targeted nanoparticle
HerPBK10 (HPK), a recombinant multidomain polypeptide.64 The
delivery efficiency of the HPK-simvastatin to lung tissue was
confirmed by Alexa Fluor 680-conjugated HPK-oligo (Figure S5B).
As illustrated in Figure 6C, compared with the control group, the
number of lung metastatic nodules and the size of the metastatic
foci were reduced in the HPK-simvastatin treatment group. CD31
staining showed that HPK-simvastatin treatment decreased blood
vessel density in lung metastases (Figure 6D). We also knocked out
Hmgcr expression in 4T1 cells using CRISPR-dCas9 and injected
those cells into mice through the tail vein. As expected, knocking
out Hmgcr impaired metastasis formation in lung tissues (Figures
S5C and S5D). These results suggest that cholesterol synthesis in
lung-colonizing TNBC cells is necessary for angiogenesis and,
consequently, lung metastasis formation.

DISCUSSION
In this study, we found that cholesterol synthesis is activated in lung
metastatic TNBC tumor cells during metastasis formation. This acti-
vation is mediated by the interaction between lung-colonizing TNBC
tumor cells and lung-resident fibroblasts. Mechanically, the TNBC tu-
mor cell-derived chemokines CXCL1/2/8 activate lung fibroblasts to
secrete additional chemokines, CCL2/7, which, in turn, induce
lung-colonizing TNBC cells to increase cholesterol synthesis, promot-
ing angiogenesis and outgrowth of lung metastases. Our findings of
chemokine loop-induced cholesterol synthesis in lung-colonizing
TNBC cells may help explain the epidemiological observation that
etastasis formation

thelial cells. The HMGCR inhibitor simvastatin or cholesterol was added to the

mouse lung endothelial cells. The geranylgeranyltransferase inhibitor GGTI-2133,

ed to the culture medium. (E) Syngeneic mouse models to evaluate lung metastasis

tail vein (n = 5). PBS or HPK-simvastatin (10 mg/mouse/daily) nanoparticles were

cted 2weeks after injection. Metastatic nodules were counted (right panel), and lung

CD31 staining of blood vessels in mouse lung metastases. The blood vessel density

atic illustrating a proposed model of the cross-talk among primary tumor cells, lung

0.05, ***p < 0.001.
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statin use can decrease breast cancer distant recurrence andmortality.
Our results provide a link between chemokines, cholesterol synthesis,
and angiogenesis that plays an essential role in establishing the
metastatic microenvironment in TNBC (Figure 6G), suggesting a
potential strategy to treat lung metastasis through targeted blockade
of metastatic site-specific cholesterol synthesis.

Previous work has demonstrated that elevated systemic cholesterol
promotes primary breast tumor initiation and progression in mouse
models.33,65–67 The effect of cholesterol in breast cancer is further
supported by recent reports showing increased cholesterol synthesis
in TNBC.68–70 Interestingly, epidemiological studies show that
using statins can reduce breast cancer recurrence and mortality.
Surprisingly, it does not affect breast cancer incidence.26–28 The
biological basis for this observation remains unclear. Our results of
cholesterol synthesis induction and its critical role in TNBC lung
metastasis provide an explanation for the effect of statins on breast
cancer distant recurrence and mortality. Indeed, blocking cholesterol
synthesis specifically in lung metastatic sites using simvastatin-car-
rying nanoparticles in TNBC mouse models inhibited lung metasta-
ses. Consistent with our observations, recent studies show that
systemic statin drug treatment inhibited breast cancer lung metastasis
in xenograft mouse models.71,72 One desirable benefit of metastatic
site-targeted delivery of statins is potential minimization of the
drug side effect in treatment.

Here we also demonstrate a unique set of CXCL1/2/8 involved in
TNBC’s interaction with the lung microenvironment. Chemokine
involvement in breast cancer lung metastasis has been studied previ-
ously.50 For example, CXCL1 is a critical component of the gene
signature that mediates dissemination of primary breast tumor cells
to the lungs.53 An elevated circulating level of CXCL1 in individuals
with breast cancer is associated with a higher propensity for circu-
lating tumor cells to seed in lung tissue.73 Moreover, CXCL1/2-ex-
pressing breast tumor cells can recruit myeloid cells in a paracrine
manner to promote tumor cell survival at primary and metastatic
sites, resulting in chemoresistance and metastasis.74 Here, our find-
ings demonstrate that those chemokines have no discernible effect
on in vitro proliferation, migration, invasion, or extravasation of pri-
mary TNBC cells but instead exert an indirect effect by affecting lung
fibroblasts, which, in turn, regulate TNBC cholesterol synthesis.

The indispensable roles of CAFs have been recognized during metas-
tasis, including their participation in extracellular matrix (ECM) re-
modeling, tumor cell immunity, metabolism, etc.75 However, those
functions are largely related to primary tumor-associated fibroblasts.
To date, whether resident fibroblasts at metastatic sites are involved in
metastasis formation remains poorly understood. Our results show
that TNBC-derived CXCL1/2/8 can activate lung-resident fibroblasts
and CAFs to secrete other chemokines, including CCL2/7. CCL2 syn-
thesis by metastatic tumor cells and the lung stroma can recruit in-
flammatory monocytes to facilitate breast cancer lung metastasis.13

Interestingly, akin to the FOXC1-CXCL1/2/8-CCL2/7 signaling
cascade uncovered in this study, a CXCL8-FOXC1-CCL2 signaling
682 Molecular Therapy Vol. 30 No 2 February 2022
mechanism has been identified in hepatocellular carcinoma (HCC)
cells during lung metastasis.76 Our data demonstrate a previously
unidentified function of lung fibroblasts in TNBC metastasis, high-
lighting the key role of tissue-resident fibroblasts in organ-specific
metastasis.

We further show that lung fibroblast-derived CCL2/7 act directly on
lung-colonizing metastatic TNBC cells to potentiate cholesterol syn-
thesis mediated by nuclear accumulation of mature SREBP2, the
master transcription factor governing cholesterol synthesis-associ-
ated genes.61 Increased cholesterol in lung-colonizing TNBC cells
leads to angiogenesis in lung metastases. Consistent with our find-
ings, it has been reported that a high-cholesterol diet in mouse
models promotes mammary tumor development and lung metas-
tasis by inducing angiogenesis.33 Moreover, systemic 27-hydroxy-
cholesterol, the primary metabolite of cholesterol, has also been
shown to be involved in angiogenesis and metastasis in ER+ breast
cancer.72,77 How cholesterol promotes angiogenesis is not well un-
derstood. We noticed that, along with cholesterol synthesis, tissue
factor signaling is also highly activated by CCL2/7 in TNBC cells
(Figure 5A). Given the fact that this is a well-established pathway
involved in angiogenesis78 and can be activated by cholesterol,79,80

it is compelling to speculate that tissue factor signaling may mediate
the effect of locally induced cholesterol production on angiogenesis
in the metastatic tumor microenvironment. It is also possible that
the synthesized cholesterol might be exported into the surrounding
microenvironment to facilitate angiogenesis, which is supported by
upregulation of the ABCA1 gene by Ccl2/7 in MDA-MB-231-
FOXC1 cells in vitro (Figure S5E). Further studies are warranted
to corroborate this hypothesis. Another interesting finding in our
study is that CCL2/7 induce CXCL1/2/8 secretion in TNBC cells.
This regulation creates a positive chemokine feedback loop between
lung fibroblasts and neighboring TNBC cells at metastatic sites, re-
sulting in potent induction of cholesterol synthesis. Thus, the che-
mokine loop and elevated local cholesterol production may reform
the microenvironment, facilitating metastatic tumor growth.

Our study uncovers a novel mechanism for cholesterol synthesis acti-
vation for TNBC lungmetastasis formation. These results suggest that
disruption of the chemokine-cholesterol signaling axis or blockade of
cholesterol synthesis in tumor cells at metastatic sites may be
promising therapeutic strategies to treat lung metastasis or prevent
recurrence in the lungs.

MATERIALS AND METHODS
Cell culture

The human breast cancer cell lines MDA-MB-231 and BT474 and
mouse breast cancer cell lines 4T1 and EO771 were purchased from
the American Type Culture Collection (ATCC) and maintained ac-
cording to ATCC instructions. The normal human lung fibroblast
line IMR-90 was a gift from Dr. Hisashi Tanaka (Cedars-Sinai
Medical Center). The immortalized mouse lung epithelial cell line
MLE15 was a gift from Dr. Barry Stripp (Cedars-Sinai Medical
Center). Control and FOXC1-overexpressing MDA-MB-231 cells
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were established as described previously.37 KO of p65 or the chemo-
kines CXCL1/2/8 and CCL20 in FOXC1-overexpressing MDA-MB-
231 cells and KO of Hmgcr in 4T1 cells were performed using
LentiCRISPRv2 (52961, Addgene).81 The cells were selected using pu-
romycin, and the drug-resistant heterogeneous cell pool was used in
the study. The guide RNA (gRNA) sequences are listed in Table S2.
Primary human TNBC cells,82 mouse lung fibroblasts, and CAFs in
lung metastases of xenograft tumors,83 mouse lung macrophages,84

and mouse lung endothelial cells85 were isolated as described previ-
ously. The method for isolating mouse lung fibroblasts was also
used to isolate mouse liver fibroblasts. Mouse lung neutrophils were
isolated using the following method. Briefly, a single-cell suspension
of mouse lung tissue was prepared with collagenase/dispase
(10269638001, Sigma-Aldrich). Cells were then incubated with
CD16/CD32 (1:100)/1 mL PBS for 15 min, followed by incubation
with CD45 phycoerythrin (PE)-Cy7 (1:200), CD11b PerCP-Cy5.5
(1:200), and Ly6G PE (1:200)/1 mL PBS for 45min. Cells were washed
once using PBS (1% fetal bovine serum [FBS]) and sorted using
Becton Dickinson FACSAria II (BD Biosciences). To isolate mouse
bone marrow-derived fibroblasts, bone marrow was harvested from
femora and tibiae of 7-week-old mice and filtered with 40-mm-pore
nylon cell strainers (BD Biosciences). Cells were cultured in
DMEM/F12 supplemented with 5% fetal bovine serum, 5% Nu
serum, 5 mg/mL insulin, and penicillin/streptomycin. Fresh medium
was replaced every 2–3 days.

Chemicals

Recombinant human CXCL1 (275-GR-010, R&D Systems), recombi-
nant human CXCL2 (276-GB-010, R&D Systems), recombinant hu-
man CXCL8 (208-IL-010, R&D Systems), recombinant mouse Ccl2
(479-JE-010, R&D Systems), recombinant mouse Ccl7 (456-MC-
010, R&D Systems), GGTI-2133 (G5294, Sigma-Aldrich), FTI-277
(F9803, Sigma-Aldrich), YM-53601 (18113, Cayman Chemical), sim-
vastatin (S1792, Selleckchem), and human cholesterol (C8667,
Sigma-Aldrich).

Real-time RT-PCR

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) and
reverse transcribed into single-stranded cDNAs using the QuantiTect
Reverse Transcription Kit (QIAGEN). Real-time RT-PCR was per-
formed using the CFX96 Real-Time System (Bio-Rad). Primers are
listed in Table S3.

Western blotting

Proteins were extracted using radioimmunoprecipitation assay
(RIPA) lysis buffer (Thermo Fisher Scientific), and protein concentra-
tion was determined by bicinchoninic acid (BCA) protein assays
(Thermo Fisher Scientific). Nuclear proteins were extracted using
NE-PERTM nuclear and cytoplasmic extraction reagents (Thermo
Fisher Scientific). Proteins (50 mg) were separated on 4%–20%
gradient gels and transferred onto polyvinylidene fluoride (PVDF)
membranes using the Trans-Blot Turbo transfer pack (Bio-Rad)
and Trans-Blot Turbo transfer system (Bio-Rad). Membranes were
blocked in Odyssey blocking buffer (LI-COR Biosciences) and incu-
bated with primary antibodies overnight at 4�C. The primary anti-
bodies were SREBP2 (1:1,000, MAB7119, R&D Systems), Lamin A/
C (1:500, SC-7292, Santa Cruz Biotechnology), HMGCR (1:1,000,
MBS9406409, Mybiosource), and actin (1:1,000, SC-1616, Santa
Cruz). Membranes were then incubated with IRDye 680CWor IRDye
800CW secondary antibodies (LI-COR Biosciences) for 1 h at room
temperature. The membranes were scanned using the Odyssey
infrared imaging system (LI-COR Biosciences).

ELISA

The concentrations of the specific chemokines and cholesterol in the
supernatant of cell culture or mouse serum were measured using ELI-
SAs according to the manufacturer’s instructions. The ELISA kits
were human CXCL1 (DGR00, R&D Systems), human CXCL2
(ab184862, Abcam), human CXCL8 (D8000C, R&D Systems), hu-
man CCL20 (DM3A00, R&D Systems), and human cholesterol
(MBS729689, Mybiosource).

Luciferase assay

CXCL1 (149 bp), CXCL2 (150 bp), and CXCL8 (143 bp) promoter
fragments containing FOXC1-binding sites were synthesized
(Thermo Fisher Scientific) and subcloned into the luciferase vector
pGL4 (Promega). Cells seeded in 12-well plates were co-transfected
with 500 ng luciferase plasmid and 500 ng pCMV6-entry (OriGene)
or pCMV6-entry-FOXC1 (OriGene) expression plasmids using Lip-
ofectamine 2000 (Invitrogen). Two hundred nanograms of b-galacto-
sidase expression plasmid (Promega) was used as an internal control.
After 48 h, cells were harvested, and extracts were analyzed using the
Luciferase Reporter Assay System (Promega) and b-Galactosidase
Enzyme Assay System (Promega) according to the manufacturer’s in-
structions. Luciferase activity was measured using a luminometer
(GloMax-Multi Detection System, Promega).

Immunofluorescence

FOXC1-overexpressing MDA-MB-231 cells were placed into cham-
ber slides (Thermo Fisher Scientific) at 70%–80% confluence. Cells
were fixed with 4% paraformaldehyde, permeabilized with 0.5%
Triton X-100, blocked with 5% BSA, and incubated with primary
anti-CCR2 antibody (1:100, NBP2-35334, Novus Biologicals) over-
night at 4�C, followed by secondary antibody incubation (1:100,
A21202, Life Technologies) for 1 h at room temperature. For CD31
staining of blood vessels, immunofluorescence was performed using
formalin-fixed, paraffin-embedded mouse lung metastasis samples.
The primary antibody used was anti-CD31 antibody (1:100,
CM303A, Biocare Medical). The secondary antibody was Alexa Fluor
546 (1:200, A11081, Life Technologies). The nuclei were stained with
DAPI (Life Technologies). Images were acquired using the EVOS FL
Auto Imaging System (Thermo Fisher Scientific). The density of the
blood vessels was analyzed using ImageJ software.

ChIP

5� 106 cells were collected, andChIP assays were performed using the
EZ-ChIP Chromatin Immunoprecipitation Kit (EMD Millipore) ac-
cording to the manufacturer’s instructions. Briefly, control or
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FOXC1-overexpressingMDA-MB-231 cells were fixed with 1% form-
aldehyde, followed by lysis and sonication of the cells. The 200- to
1,000-bp chromatin fragments were then immunoprecipitated using
the anti-FOXC1 antibody (sc-21394, Santa Cruz). The protein-DNA
crosslinks were then reversed, and DNA fragments were purified.
The yield of the immunoprecipitated DNA fragments was quantified
using a real-time RT-PCR assay. Data were analyzed using the
2-DDCT method. The primers were as follows: CXCL1 forward, 50-
CTGGCTTCCACTGACGCTAA-30; CXCL1 reverse, 50-TCTGCT
TGTTCCTTGTGTTGC-30;CXCL2 forward, 50-TCTAGAGGGAAC-
CAATCCCAGG-30; CXCL2 reverse, 50-AGGCCATAGACACCAC-
CAGA-30; CXCL8 forward, 50-GGTGCTAGTCTCTGCTCATCA-30;
CXCL8 reverse, 50-ACTAAAGTGCCACGCTACACA-30.

RNA-seq assay

The RNA-seq assay was performed using mouse lung fibroblasts and
FOXC1-overexpressing MDA-MB-231 cells. Freshly isolated mouse
lung fibroblasts were treated with PBS or recombinant human
CXCL1 (8 nM), CXCL2 (2 nM), and CXCL8 (20 nM) proteins for
6 h. FOXC1-overexpressing MDA-MB-231 cells were treated with
PBS or recombinant mouse Ccl2 (10 nM) and Ccl7 (50 nM) proteins
for 6 h. Total RNAs were extracted from those cells using the RNeasy
Mini Kit (QIAGEN). Quality control of RNAs, library preparation,
and the subsequent sequencing were performed by the Genomics
Core at Cedars-Sinai Medical Center. The NextSeq 500 platform
(Illumina) was used. RNA-seq data were submitted to the NCBI
GEO database (GEO: GSE131306 and GSE131383).

IHC

Formalin-fixed, paraffin-embedded (FFPE) primary TNBC tumors
and matched lung metastasis samples from four individuals with
breast cancer were selected. The institutional review board (IRB) of
Cedars-Sinai Medical Center and the First Hospital of China Medical
University (Shenyang, China) granted approval. The normal human
lung tissue samples were purchased from US Biomax (T041a). Pri-
mary mouse breast tumors and lung metastasis samples (see Mouse
models and study approval) were also used in the IHC assay. IHC
staining was performed using the Vectastain ABC Kit (Vector Labo-
ratories) and ImmPACT DAB Kit (Vector Labs). The primary anti-
bodies were HMGCR (for human samples, 1:100, PA5-52547,
Thermo Fisher Scientific), Hmgcr (for mouse samples, 1:70,
MBS9406409, Mybiosource), HMGCS1 (for human and mouse sam-
ples, 1:100, GTX112346, GeneTex), CCR2 (1:100, NBP2-35334, No-
vus Biologicals), SREBP2 (1:100, MAB7119, R&D Systems),
and Vimentin (1:100, sc-7557, Santa Cruz).

RNAscope in situ hybridization

The RNAscope 2.5 High Definition (HD)-Red in situ hybridization
assay was performed according to the manufacturer’s instructions
(Advanced Cell Diagnostics). Briefly, FFPE slides were baked, depar-
affinized, treated with RNAscope protease, and hybridized with RNA
probes. Human CCL2 and CCL7 RNA probes were designed and syn-
thesized by Advanced Cell Diagnostics. Normal human lung tissue
samples were purchased from US Biomax (T041a). Human TNBC
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lung metastasis samples were the same as those used in the IHC
experiments.

Lung endothelial cell migration and tube formation assays

The endothelial cell migration assay was performed using the QCM
3 mm Endothelial Cell Migration Assay Fibronectin Kit (ECM200,
EMDMillipore) according to the manufacturer’s instructions. Briefly,
2 � 105 freshly isolated mouse lung endothelial cells were suspended
in Vasculife medium (LL-0004, Lifeline Cell Technology) and placed
into ECM-coated chambers. Chemokines and/or other different cells
were added to the bottom chamber. The migrated cells were stained
after 16 h of incubation, and the dye was extracted and measured at
optical density 560 (OD560) using a luminometer (GloMax-Multi
Detection System, Promega). The endothelial cell tube formation
assay was performed using the In Vitro Angiogenesis Assay Kit
(ECM625, EMD Millipore) according to the manufacturer’s instruc-
tions. Briefly, 1.25 � 104 freshly isolated mouse lung endothelial cells
were suspended in Vasculife medium (LL-0004, Lifeline Cell Tech-
nology) and placed on the top of ECMatrix. Tube formation was
measured after 12 h of incubation.

Wound healing assay

Cells were seeded into a 6-well plate and allowed to grow to 90%
confluence. The surface of each well was scratched using a 1-mL
pipette tip. Cells were washed twice with culture medium to remove
the detached cells. Pictures were taken at different time points, and
the gap distance was measured using ImageJ software.

Tumor cell migration and invasion assay

1 � 105 cells were resuspended in 500 mL serum-free medium
and seeded into the upper compartment of a Transwell chamber
(Corning) or Matrigel invasion chamber (BD Biosciences) for the
migration or invasion assay, respectively. The lower compartment
of the chamber was filled with 750 mL complete medium (DMEM
supplemented with 10% FBS). After 6 h (migration) or 16 h (invasion)
of incubation, cells remaining in the upper compartment were
removed with a cotton swab, and the migrated or invaded cells
were stained using the HEMA3 staining kit (Thermo Fisher Scienti-
fic). Pictures were taken (EVOS FL Auto Imaging System, Thermo
Fisher Scientific), and the cells were counted using ImageJ software.

Cell proliferation assay

Cells were seeded into white opaque 96-well plates at 2,000 cells per
well. The cell proliferation rate was assessed using the CellTiter-Glo
Luminescent Cell Viability Assay Kit (Promega) according to the
manufacturer’s instructions.

Extravasation assay

The experiment was performed in accordance with the approval of
the Cedars-Sinai Medical Center Institutional Animal Care and Use
Committee. Cells were labeled with 5 mMCellTracker Green CMFDA
(C2925, Thermo Fisher Scientific) for 45 min. 1 � 105 cells/100 mL
PBS were injected into nude mice (Charles River Laboratories)
through the tail vein. Forty-eight hours after injection, mice were
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injected with 50 mg rhodamine-lectin (RL-1102, Vector Labs)/100 mL
PBS through the tail vein and euthanized 30 min later. Mouse lung
tissues were collected, frozen in liquid nitrogen, and embedded in
OCT compound (Tissue-Tek). Frozen sections were cut and exam-
ined using a fluorescence microscope (EVOS FL Auto Imaging
System, Thermo Fisher Scientific).

HPK-simvastatin assembly

The HER3-targeting recombinant protein HPK was produced as
described previously.64 Binding kinetics were assessed a priori by
isothermal calorimetry (ITC) using a Malvern PEAQ-ITC. For parti-
cle assembly, simvastatin was serially diluted from DMSO into PBS
until fully resuspended. The final concentration of DMSO was less
than 5%. Simvastatin and HPK were incubated for 1 h at room tem-
perature at a 1:1 mass ratio. To assess complex formation, the size of
the resulting particles was assessed by dynamic light scattering (DLS)
using a Malvern Zetasizer Nano ZS.

Mouse models and study approval

All animal experiments were performed in accordance with
approval of the Cedars-Sinai Medical Center Institutional Animal
Care and Use Committee (IACUC). In the experiment evaluating
the effects of chemokines on TNBC lung metastasis (Figure 2B),
1 � 106 control, FOXC1-overexpressing, or FOXC1-overexpressing
chemokine-KO MDA-MB-231 cells were suspended in serum-free
medium mixed with Matrigel (BD Biosciences) at a 1:1 ratio and
injected into the fourth mammary fat pads of nude mice (The Jack-
son Laboratory). Mice were euthanized 5 weeks after injection, and
lungs were collected. For the lung metastasis formation capacity
assay (Figure 2D), 3 � 106 EO771 cells in 100 mL PBS were injected
into wild-type or cxcr2+/� C57BL/6 mice (stock number 006848,
The Jackson Laboratory) through the tail vein. Mice were eutha-
nized 6 weeks after injection, and lungs were collected. To assess
the outgrowth capacity of tumor cells in the lungs (Figure S2H),
0.5 � 106 tumor cells of different groups in 100 mL PBS were in-
jected into nude mice through the tail vein. Mice were euthanized
5 days after injection, and lungs were collected. To examine the
expression levels of Hmgcr and Hmgcs1 proteins (Figure S4C),
0.5 � 106 4T1 cells were suspended in serum-free medium mixed
with Matrigel (Sigma-Aldrich) at a 1:1 ratio and injected into the
fourth mammary fat pads of BALB/c wild-type mice. Mice were
euthanized 5 weeks after injection, and lungs were collected. In
the experiment evaluating the effects of simvastatin on lung
metastasis formation (Figure 6C), 0.5 � 106 4T1 cells in 100 mL
PBS were injected into BALB/c wild-type mice through the tail
vein. The mice were treated with vehicle or HPK-simvastatin
(10 mg/mouse/daily; the safety of the concentration was tested in
our in vitro cell model) intranasally beginning 48 h after tumor
cell injection. Mice were euthanized 2 weeks after injection, and
lungs were collected. To evaluate the effect of Hmgcr KO on
lung metastasis formation (Figure S5D), 0.5 � 106 control or
Hmgcr-KO 4T1 cells in 100 mL PBS were injected into BALB/c
wild-type mice through the tail vein. Mice were euthanized 2 weeks
after injection, and lungs were collected.
Statistics

Statistical analyses were performed using GraphPad Prism 6 software.
Statistical comparisons were determined via independent Student’s t
test. Linear regression analyses and Pearson correlation coefficients
were conducted to calculate correlations. Values are represented as
mean ± SD of at least three independent experiments. p < 0.05 was
considered statistically significant. Kaplan-Meier survival curves
were generated using GraphPad Prism 6 software.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.07.003.
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