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Abstract

Ethnicity is considered to be one of the major risk factors in certain subtypes of breast cancer.
However, the mechanism of this racial disparity remains poorly understood. Here we demonstrate
that SOS1, a key regulator of Ras pathway, is highly expressed in African American (AA) breast
cancer patients compared to Caucasian American (CA) patients. Because of the higher obesity rate
in AA women, increased levels of SOS1 facilitated signal transduction of the c-Met pathway
which was highly activated in AA breast cancer patients via HGF secreted from adipocytes.
Elevated expression of SOS1 also enhanced cancer stemness through upregulation of PTTG1 and
promoted M2 polarization of macrophages by CCL2 in metastatic sites. SOS1 was epigenetically
regulated by a super-enhancer identified by H3K27ac in AA patients. Knockout of the super-
enhancer by CRISPR in AA cell lines significantly reduced SOS1 expression. Furthermore, SOS1
was post-transcriptionally regulated by miR-483 whose expression is reduced in AA patients
through histone tri-methylation (H3K27me3) on its promoter. The natural compound taxifolin
suppressed signaling transduction of SOS1 by blocking the interaction between SOS1 and Grb2,
suggesting a potential utility of this compound as a therapeutic agent for AA breast cancer
patients.
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Introduction

The age-adjusted breast cancer incidence in CA women in the US is 128.7 (per 100,000
women per year) compared to 125.5 in AA women (1). However, the mortality rate is 20.8
in CA women and 29.5 in AA women (1). Thus, the cancer death rate in AA females is 14%
higher than in CA females despite a 7% lower incidence rate. In addition, AA women have a
higher incidence of the most aggressive subtype, known as triple-negative breast cancer, than
other racial and ethnic groups (2). AA women also have the highest rates of late-stage
disease (1). Therefore, four major disparities are evident between AA and CA patients: (i)
early age of onset, (ii) more advanced stage of disease, (iii) more aggressive histologic
changes, and (iv) shorter survival times. However, a comprehensive understanding of the
basis for these disparities remains elusive.

Non-biological factors, such as socioeconomic characteristics, access to health care, and
delivery of treatment modalities, are important in this disparity (3,4). However, many
biological and genetic factors have also been identified as factors contributing to the
disparity (5,6). These factors include the levels of growth factors and hormones in plasma,
expression of their receptors, genetic susceptibility loci, tumor suppressors, epigenetic
changes, and chromosomal rearrangement (7). Moreover, microRNAs are powerful post-
transcriptional regulators and they have been extensively studied in the context of racial
disparities (8). Zhao et. al performed microarray analysis by comparing the levels of
circulating miRNAs in plasma samples from 20 breast cancer patients with early stage breast
cancer together with matched healthy controls. Interestingly, only two microRNAs are
overlapped between AA and CA groups when compared to the normal samples, indicating a
distinctive tumor associated microRNA profile between different racial groups (9). A
genome-wide miRNA profiling of TNBC tumor tissues from AA and CA also revealed 26
miRNAs that are differentially upregulated in AA patients, and 23 of them were known to be
involved in pathways crucial to tumor progression (10). Differences in the epigenetic levels
such as DNA methylation of cancer-related genes have also been observed in AA patients
(11-13). Mehrotra et al. showed that tumors from AA breast cancer patients have a
significantly higher rate of hypermethylation of five tumor suppressor genes (HIN-1, Twist,
Cyclin D2, RAR-beta, and RASSF1A) than CA tumors (14). Wang et. al demonstrated that
AA women had increased hypermethylation of CDH13whose inactivation is associated with
early onset breast cancer (13). Histone modifications including acetylation and methylation
are critical epigenetic events that affect gene expression (15). However, the underlying
mechanisms of racial specific histone modification are virtually unknown.

Cancer is no longer being treated as a solitary disease whose progression also requires the
support from the tumor microenvironment (TME) (16). Growing evidence have shown that
different racial backgrounds have an impact on the cellular components as well as secretory
profile of TME which eventually affect the survival of patients (17). Several groups reported
relatively higher levels of cytokines such as IL-6 and VEGF in AA breast cancer patients as
compared to CA patients (18,19). Interestingly, both cytokines are known to be excessively
secreted by the adipocytes which are more abundant in AA due to their higher obesity rate
(20,21). Cancer-associated adipocytes (CAAs) are frequently found adjacent to cancer cells
in breast cancer patients, and they affect the growth or invasion of cancer cells through
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various secretary factors (22). The crosstalk between adipocytes and cancer cells also affects
the gene expression of both cell types, which can further enhance tumor progression (23).
Adipocytes are known to secrete high level of HGF which have been shown to regulate
multiple cellular processes including proliferation, invasion and angiogenesis (24). The
HGF/c-Met axis is able to trigger various downstream signaling pathways in tumor cells,
such as PI3K/AKT, JAK/STAT and Ras/MAPK (25). HGF-activated c-Met receptor can
interact with the SH2/SH3 domain of Grb2, which recruits guanine nucleotide exchange
factors (GEFs) such as SOS1(26). SOS1 can further convert Ras-GTP to its active form by
recruiting it from the cell matrix to the membrane (26). Negative feedback of SOS1 and Ras
pathway has been reported by many studies. Several groups showed that SOS1 can be
phosphorylated upon MAPK activation which disrupts its association with the adaptor
proteins Grb2 (27,28) . Thus, Grb2-Sos1 interaction plays a critical role in the activation of
the Ras pathway which makes it as an ideal drug target for cancer therapy.

Evidently, multiple racial specific mechanisms mediated by genetic and epigenetic factors
together with the tumor microenvironment contribute to the progression of breast cancer in
AA patients. However, it is still not clear how those factors affect each other and how are
they related to the racial disparities of breast cancer progression. Therefore, we hypothesize
that signaling pathways activated by racial associated genes together with their tumor
microenvironment contribute to the tumor progression. In this study, through unbiased
GSEA-based screening and analyses of multiple clinical cohorts, we found that SOS1 which
is essential for the activation of Ras signaling, was highly expressed in AA breast cancer
patients. Furthermore, we have identified two potential mechanisms that regulate SOS1
expression in AA patients by activation of a unique super enhancer that is associated with
SOS1 gene, and by miR-483 mediated post-transcriptional regulation. In addition, we have
demonstrated that the self-renewal of cancer stem cells and the accumulation of M2
macrophages in the lung metastatic sites are both regulated by the upregulation of SOS1.
These novel discoveries shed new light into our understanding in breast cancer disparity
which leads to an identification of potential therapeutic targets.

Material and Methods

Cell culture and reagents

Human breast carcinoma cell lines, MDA-MB-468 (MDA468), HCC1806, HCC1569,
HCC1500, MCF7, T47D, ZR75-1, and MDA-MB231 (MDA231), were purchased from
American Type Culture Collection. MCF7, MDA468 and MDA231 were cultured in DMEM
medium supplemented with 10% FBS, streptomycin (100 mg/ml) and penicillin (100 units/
ml). HCC1806, HCC1569, HCC1500, T47D and ZR75-1 were cultured in RPMI medium
supplemented with 10%FBS, streptomycin (100mg/ml) and penicillin (100units/ml). All
cells were grown at 37 °C in a 5% CO5 atmosphere. All cells are tested negative of
Mycoplasma by PCR (ATCC Universal Mycoplasma Detection Kit), and they were used
between passages 15 and 45. All cell lines were obtained between 2010 and 2019, and they
were authenticated by qRT-PCR analysis for the expression of 20 signature genes.
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Western Blot

Western blot analysis was performed as described previously (29), using antibodies against
SOS1 (1/1000; Cell Signaling Technology), p-AKT (1/1000; Cell Signaling Technology), t-
AKT (1/5000; Cell Signaling Technology), t-Erk (1/1000; Cell Signaling Technology),p-
Erk(1/1000; Cell Signaling Technology) and PTTG1(1/5,000; Cell Signaling Technology).

Quantitative real-time PCR

Total RNA was isolated from the cells and reverse transcribed as described previously (30).
The cDNA was then amplified with a pair of forward and reverse primers for the following
genes: SOS1 (5’- GAGTGAATCTGCATGTCGGTT -3’ and 5’-
CTCTCATGTTTGGCTCCTACAC-3’), PTTG1 (5’- ACCCGTGTGGTTGCTAAGG -3’ and
5’- ACGTGGTGTTGAAACTTGAGA-3’), CXCL1(5’-
CCCAAGAACATCCAAAGTGTG-3’ and 5’-CACATTAGGCACAATCCAGGT-3"), CCL2
(5’- CATCTCCTACACCCCACGAAG -3’ and 5’- GGGTTGGCACAGAAACGTC -37),
CD74(5’- GATGACCAGCGCGACCTTATC -3’ and 5’- GTGACTGTCAGTTTGTCCAGC
-3’), CD68 (5’- GGAAATGCCACGGTTCATCCA-3’ and 5’-
TGGGGTTCAGTACAGAGATGC-3’), Argl (5°’- GTGGAAACTTGCATGGACAAC -3’
and 5’- AATCCTGGCACATCGGGAATC -3’ ) and CD206 (5’-
TCCGGGTGCTGTTCTCCTA -3’ and 5°- CCAGTCTGTTTTTGATGGCACT -3’and. PCR
reactions were performed using CFX Connect (Bio-Rad) and iTagq Universal SYBR Green
Supermix (Bio-Rad). The thermal cycling conditions composed of an initial denaturation
step at 95°C for 5 min followed by 40 cycles of PCR using the following profile: 94 oC, 30
s; 60 0C, 30 s; and 72 oC, 30 s.

Immunohistochemistry

GSEA

Human primary breast cancer specimens were obtained from surgical pathology archives of
the Wake Forest Comprehensive Cancer Center, and Cooperative Human Tissue Network
(CHTN). All tissue sections were obtained by surgical resection. Samples were sectioned
with 5pm thickness from the formaldehyde-fixed and paraffin-embedded tissue specimens.
The sections were deparaffinized and antigens were retrieved by heating the slides in 10 mM
sodium citrate (pH 6.0) at 85 °C for 30min. The slides were treated with 3% H,0O, and then
incubated overnight at 4 °C with anti-SOS1 antibody (1/500; Cell Signaling Technology).
The sections were then incubated with secondary antibodies and visualized using the
Envision-plus kit (Dako Corp.).

The Gene MatriX file (.gmx) which includes 110 breast cancer specific signatures was
generated in our previous study (29). Gene Cluster Text file (.gct) was generated from the
TCGA and GSE78958. Categorical class file (.cls) was generated based on the race of each
patient. The number of permutations was set to 1000.

Metastasis-free survival analysis

We compiled a microarray dataset of 710 patients from GEO (accession numbers:
GSE12276, GSE2034, GSE2603, GSE5327, and GSE14020). These datasets were all
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normalized using MAS5.0, and each microarray was centered to the median of all probes.
For each patient, metastasis free survival was defined as the time interval between the
surgery and the diagnosis of metastasis.

Immunocytochemistry

Cells were fixed with 70% ethanol, washed with PBS and blocked with 2% BSA for 1hr.
After blocking, cells were washed again with PBS and incubated with antibodies for, anti-p-
c-Met (1/500: R&D), and anti-CCL2 (1/500; Abcam ab9779) overnight at 4 °C. Cells were
then incubated with anti-rabbit 1gG Alexa Fluor (R) 555 molecular probe (Cell Signaling
Technology) for 1hr at room temperature. Fluorescence images were taken by a fluorescent
microscope. For frozen section staining, slides were fixed with methanol, washed with PBS
and blocked by 2% BSA for 1hr. After blocking, the slides were washed again with PBS and
incubated with anti-ARG1 (1/500; Cell Signaling Technology) and anti-CD68 (1/200;
Biolegend), for 1hr at room temperature. Fluorescence images were taken by a fluorescent
microscope (Olympus 1X71).

Establishment of enhancer knockout cell lines

HCC1806 and HCC1569 were transfected with Cas9 protein V2 (ThermoFisher) and paired
sgRNAs (sgRNAF1: GCACGACAUGACAGUCCCAA, sgRNA R1:
GAGUAUUGCAUCUCAAGUGG) that flank the target sequence based on Synthego’s
protocol. Single cell derived colonies were selected and the knockout efficiency was
measured by PCR with following primers (F1: 5’- CTTCCCTGGCTAGCTCCAAC -3’, 5’-
GGGACTTTGCAGGTAGGCTT-3") as shown in Supplementary Fig. 2b.

FACS (Fluorescence-activated cell sorting)

For cell surface marker analysis, cells were suspended in FACS buffer (PBS with 0.1% BSA
and 0.1% Tirton X100) followed by incubation with FITC conjugated anti-CD24
(eBioscience, Inc.), APC conjugated anti-CD44 (BioLegend), PE conjugated anti-ESA
(eBioscience, Inc.) for 15mins at room temperature. Cells were then washed with PBS and
re-suspended in PBS for FACS analysis using the C6 Flow cytometer (Accuri LTD).

Sphere forming assay

Cells were plated (1000 cells/ml) in ultra-low attachment plates (Corning, Acton, MA, USA)
with DMEM/F12 supplemented with 2% B27 (GIBCO), 20ng/ml EGF (Sigma), and 4ug/ml
Insulin (Sigma). Mammaospheres with diameters over 100um were counted and data was
represented as the means + SEM.

Animal experiments

All animal experiments were performed in accordance with a protocol approved by the
Wake Forest Institutional Animal Care and Use Committee. For experimental metastasis
assay, wild type C57/B6 and BALB/C mice (7-8 weeks) were injected with 2 x 10°
luciferase-labeled EO771 or 4T1 cells in PBS into tail vein in a total volume of 100 pl. The
lung metastasis progression was monitored and the luminescence was quantified at the
indicated time points.
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ChlP-seq analysis

For ChIP-seq analysis, reads were first mapped to hg19 human genome by Bowtie version
1.1.0: followed by generating Wig file by using DANPOS 2.2.3. Quantile normalization is
performed using DANPOS 2.2.3 to make sure all ChIP-Seq datasets from different sample
types were normalized to have the same quantiles. Bigwig is generated using the tool
WigToBigWig downloaded from ENCODE project website We then submitted the bigWig
file to the UCSC Genome Browser (https://genome.ucsc.edu) to visualize ChlP-Seq signal at
each base pair.

ChIP-PCR analysis

ChIP was performed using the Qiagen EpiTect ChIP oneday Kit. Briefly, patients’ tissues
were collected under IRB protocol IRB00048646 at Wake Forest University School of
Medicine. Tissues were cryo homogenized in liquid nitrogen and fixed using 1%
formaldehyde. Collected cell pellets in cell harvesting buffer was sonicated using Covaris
DNA shearer to fragment the chromatin to within a range of 100-400bp. For each
immunoprecipitation, 3ug anti-H3K27Ac (ab4729), anti-H3K27me3 (ab6002) or control
1gG (ab171870) was used. Realtime PCR was performed using isolated input or ChIP DNA.
% Input was calculated according to manufacturer’s protocol as 2(-DeltaCt[normalized
ChIP]) while deltaCT equals Ct[IP]-(Ct[input]-log2(input dilution factor)). Primer sequences
are as follows: for SOS1 enhancer (F: 5’-CCTCCTGTTTGCCTCCTCTG-3’ and R:5’-
CAAGGCTCACTTGTGTTGGC-3"), for miR-483 promoter (5’-
TCAGCCGCAACAACCAGCAA -3’ and R:5’-GCCAAGGCCATGCTGAATGC -37)

Single cell RNA sequencing (scRNA-seq)

Lung metastatic nodules derived from C57/B6 mice inoculated with EO771/shCTRL or
E0771/shSOS1 cells were dissociated with tumor dissociation kit (Miltenyi) followed by
isolation of CD45+ immune cells using CD45 microbeads (Miltenyi). All samples reached
80% of viability measured by trypan blue stain before library preparation. scRNA-seq were
performed by the Cancer Genomics Shared Resource of the WFBMC-CCC. Single cell
suspension were loaded into a 10x Chromium single cell capture chip followed by library
preparation using the Chromium Single Cell 3’ Library and Gel Bead kit according to the
manufacturer’s protocol (10x Genomics). Sequencing libraries were then loaded onto an
I1lumina NextSeq500 for paired-end sequencing with High Output 150 cycle kit (Illumina).
Sample de-multiplexing and alignment are processed by the Cell Ranger Single Cell
Software Suite v.2.0.1.

Computational docking

To search for potential inhibitors that can block SOS1 activation, we employed structure-
based computational studies at the binding site of the SOS1 in the nSH3 domain of Grb2.
Based on the reported solution NMR studies of Grb2 with ten residues of SOS1 peptide
(PDB: 4GBQ) structure, molecular docking studies were conducted using the GLIDE
module in Schrodinger Suite. Analysis of the ligand-interaction diagram of 10-residues of
SOS1 peptide revealed the ionic interactions between Glul6 of Grb2-nSH3 and the Arg8 of
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the SOS1 peptide as a critical ionic interaction and hence such hydrogen-bonding interaction
with Glul6 used as a requisite for all our docking studies.

Results

SOS1 is highly expressed in African American breast cancer patients

We previously established a novel screening approach based on the gene set enrichment
analysis (GSEA) which identifies signaling pathways that enriched in certain phenotype by
using expression cohorts from patients and pathway-specific signature gene sets (31). To
identify signaling pathways that are specific to AA breast cancer patients, we performed the
GSEA for breast cancer patients (740 CA Vs 180 AA) by using The Cancer Genome Atlas
(TCGA) and 110 different pathways previously established for breast cancer (31). Using the
cutoff criteria (NES>1.2, P<0.05), we identified four pathways (c-Met, Polr2a, E2F5, and
Glil) that were most significantly enriched in AA patients with breast cancer (Figure 1A, B).
Next, because of the higher mortality rate in AA patients compared to the CA patients, we
examined the correlation of metastasis-free survival with these pathways and found that only
the c-Met was positively correlated to lung metastasis but not to bone metastasis in breast
cancer patients (Supplementary Figure 1 A, B). Because triple negative cancer is particularly
prevalent in AA patients, we examined whether the enrichment of c-Met pathway is specific
to this subtype. We found significant enrichment of the c-Met pathway in patients with both
basal and luminal subtypes, suggesting that the enrichment of c-Met signaling is not
associated with specific cancer subtypes (Supplementary Figure 1C, D). In addition to the
TCGA database, we examined enrichment of c-Met pathway in the AA patients by using
another cohort (GSE78958), and we found again that the enrichment was independent of the
subtypes (Supplementary Figure 1E-G). Because the c-Met signature used in this analysis
include over 150 genes, to further identify the genes that are related to racial disparity, we
examined 17 genes that are directly associated with the c-Met signaling, by analyzing
GSE78958. We found that SOS1 was the only gene significantly upregulated in AA patients
(n=96) compared to CA patients (n=304) (Figure 1C). The higher level of SOS1 in AA
breast cancer patients compared to other ethnicity groups was further validated using
GSE20194 (Figure 1D). Importantly, SOS1 expression is upregulated in AA patients in all
subtypes of breast cancer in two independent patient cohorts (GSE20194, GSE78958)
(Supplementary Figure 1 H, 1). We then examined the expression of SOS1 in tumor tissues
from AA (n=15) and CA (n=15) patients by gRT-PCR and immunohistochemistry. We found
that the expression of SOS1 was indeed significantly higher in AA patients and it was not
correlated with the tumor subtypes (Figure 1 E,F and Supplementary Figure 1J) .
Comparison of SOS1 expression in various breast cancer cell lines (44 lines for CA and 8
lines for AA) using GSE41313 also revealed higher expression of SOS1 in AA cell lines
(Figure 1G). Next, we then directly examined SOS1 expression in these cell lines by gRT-
PCR and western blot and found that SOS1 was indeed highly expressed in AA cell lines
(Figure 1H). Notably, SOS1 expression was significantly correlated with worse lung
metastasis-free survival of breast cancer patients but not bone metastasis-free survival
(Figure 11, Supplementary Figure 1 K). These data strongly suggest critical roles of SOS1 in
breast cancer progression in AA women.
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SOSL1 is epigenetically controlled by a super enhancer

Histone modifications are one of the essential epigenetic changes that modulate gene
expression by affecting the chromatin structures that enhance or block the binding of
transcription factors or other elements that control the activity of transcription(15). To
examine whether upregulation of SOS1 is due to differential histone modifications between
AA and CA, we performed the chromatin immunoprecipitation sequencing (ChlP-seq)
analysis for the SOS7 gene and neighboring regions, using our own CHIP-seq results
(HCC1569) for H3K27Ac and H3K27me3 together with existing ChlP-seq data from
MDA468, MDA231and MCF7. We did not observed any significant differences between
two AA cell lines (HCC1569 and MDA468) and two CA cell lines (MDA231 and MCF7)
regarding the H3K27me3 signaling (Supplementary Figure 2A). Strikingly, however, we did
observed a strong enrichment of H3K27Ac signaling in the region encompassing ch2:
38662500-38672400 bases which is located 500 kb downstream of the SOSI gene in AA
cell lines, but not in CA cell lines, suggesting that these regions are highly activated and may
affect the expression of neighboring genes, including SOS1 (Figure 2A). Interestingly, we
found that this region includes an enhancer that spans approximately 1.3 kb (chr2:
38665459 38666743) defined by the Enhancer Atlas database (Figure 2B). We also
examined breast tumor samples from each race by ChIP-PCR analysis using anti- H3K27Ac
antibody and found that this enhancer region is indeed significantly enriched in AA patients
compared to CA patients (Figure 2C). We then made deletion of the super enhancer region
using the paired gRNA mediated CRISPR technique designed by CRISPETa and validated
the successful knockout of the sequence by PCR (Supplementary Figure 2B). As shown in
Figure 2D, deletion of the enhancer indeed significantly reduced the SOS1 expression in
three AA cell lines. Thus, our results identified a unique race-specific H3K27Ac- mediated
gene regulation through the enhancer in AA patients, which promotes the SOS1 expression.

SOS1 is downregulated by racial specific miR-483

Growing evidence showed differential expression of micoRNAs in both solid tumor and
biofluid from different ethnic groups (8). To examine whether SOS1 is regulated by any
racial specific microRNAs, we compared the expression profile of microRNAs between AA
and CA patients by using the TCGA database. We particularly focused on microRNASs that
are downregulated in AA breast cancer patients and have the potential binding sites on the
3’UTR of SOS1. We found that miR-483 was significantly downregulated in AA patients
and has two binding sites on the 3’UTR of SOS1 gene predicted by TargetScan (Figure 3A,
B). In another cohort, miR-483 expression was also lower in AA patients compared to CA
breast cancer patients, suggesting that miR-483 may suppress SOS1 gene in AA specific
manner (Figure 3C). To examine this hypothesis, we overexpressed miR-483 in two AA cell
lines by lenti-virus infection followed by western blot analysis for SOS1 protein. As shown
in Figure 3D, ectopic expression of miR-483 significantly suppressed the protein levels of
SOS1 in HCC1806 and MDAA468 cells. Furthermore, low miR-483 expression was
correlated to poorer relapse-free survival in breast cancer patients, indicating a metastasis
suppressor function of this microRNA (Figure 3E). We also analyzed miR-483 expression in
various breast cancer cell lines derived from different ethnic groups and found that miR-483
was expressed at significantly lower level in cell lines derived from AA patients compared to
cell lines derived from CA patients (Figure 3F). We also confirmed this finding by
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performing gRT-PCR for various cell lines with different racial background (Figure 3G). A
significant reverse correlation between the expression of miR-483 and SOS1 was also
observed in a cohort contains 283 breast cancer patients (Figure 3H). To examine whether
histone modifications are involved in the down regulation of miR-483 in AA, we analyzed
the CHIP-seq data derived from AA and CA cell lines as described in Fig 2. We found a
strong enrichment of H3K27me3 signaling located upstream of the miR-483 gene promoter
which spans approximately 2kb (Figure 31 red boxed). Importantly, 8 out of 10
transcriptional start sites (red colored) that were predicted by miRStart website are located in
this region, indicating a potential transcriptional suppression by histone tri-methylation in
the promoter of miR-483 (Figure 3J). To validate this hypothesis in clinical samples, we
performed H3K27me3 CHIP-PCR in breast tumor tissues derived from AA and CA patients
(n=4 each) and found that this region is indeed highly tri-methylated in histone among AA
samples compared to CA samples (Figure 3K). These results strongly suggest that miR-483
is downregulated in a racial specific manner by promoter histone tri-methylation and that
this downregulation results in upregulation of SOS1.

Downregulation of SOS1 suppresses lung metastasis in obese mice in vivo

The upregulation of the SOSZ gene alone likely does not have any consequences in AA if no
signaling is transduced from the upstream tyrosine kinase receptors which require the
binding with their corresponding ligands. As shown in Fig. 1c, we found that c-Met pathway
was highly activated in AA patients and there was no difference of HGF expression, the
ligand that activates c-Met in tumor cells, between AA and CA. Hence, we speculate that
circulating or tumor microenvironment-derived HGF play a critical role in the activation of
c-Met in tumor cells. In the US, 46.4% of AA women are obese compare to 26.6% in CA
women (32). To examine whether c-Met activation is related to the obesity, we examined
HGF expression in a breast cancer cohort (GSE70947) that contains both normal and
cancerous tissues separated by laser captured microdissection (LCM) from patient together
with their information of body mass index (BMI). As shown in Figure 4A, HGF was highly
expressed in normal tissue but not in tumors in both obese and overweight women. To
examine which cell types in the normal tissues secret the highest amount of HGF, we
compared the HGF expression in four different types of stromal cells that frequently found
in the tumor microenvironment. Indeed, we found adipocytes express the highest amount of
HGF compared to other stromal cells and cancer cells (Figure 4B, Supplementary Figure
3A). Moreover, conditioned medium derived from adipocytes significantly induced the
phosphorylation of c-Met in MDA468 and HCC1806 cells (Figure 4C, Supplementary
Figure 3B ). Treatment with recombinant HGF also enhanced the phosphorylation of AKT
and Erk, and such activation was abolished by knockdown of SOS1 (Figure 4D). We
therefore examined the effect of HGF on lung metastasis in an immune competent syngeneic
mouse model. We found that administration of HGF significantly augmented lung metastasis
of 4T1 cells, but knockdown of the SOS1 gene abrogated this effect of HGF (Figure 4E),
suggesting that the HGF-cMet signaling promotes lung metastasis of breast cancer through
activation of SOS1. To further examine the effect of obesity on metastasis, we generated
obese C57/B6 mice using a high fat diet and found that the HGF level in the serum of OB
mice was significantly higher compared to lean controls (Supplementary Figure 3C). We
also found that obesity indeed significantly promoted lung metastasis of EO771 cells and that
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this effect was nullified by knockdown of the SOSI gene (Figure 4F). Collectively, these
results suggest that obesity increases HGF expression from adipocytes, which in turn
activates the c-Met-SOS1 signaling. This activation then promotes the progression of breast
cancer metastasis.

SOS1 induces PTTGL1 expression and promotes stemness of cancer stem-like cells (CSCs)

Next, we attempted to identify key regulatory factors that are influenced by racial disparity
using Master Regulator Analysis, an unbiased bioinformatics approach that identifies key
genes that are enriched in certain phenotypes from patients’ genetic profiles (33) (Figure
5A). We compared the enrichment of various master regulators between AA and CA patients
in both cohorts. Nine genes were identified as common master regulators that are associated
with race in breast cancer patients in GSE78958 and TCGA. We found that PTTG1 which
belongs to the c-Met signature gene analyzed in Figure 1 was the most significantly and
differentially expressed regulator in both cohorts (Figure 5B). Moreover, high level of
PTTG1 was positively correlated to a worse lung metastasis-free survival of breast cancer
patients (Figure 5C). Notably, PTTG1 expression was highly correlated with SOS1
expression (R2=0.6), suggesting its potential role as a downstream effector of SOS1
mediated signaling (Figure 5D). We then examined the expression of PTTGL1 in four AA cell
lines with or without knockdown of the SOSI gene. The successful knockdown of SOS1
was accomplished by infecting cells with a mixture of ShRNAs (#1, #2 and #4)
(Supplementary Figure 4A). As shown in Figure 5E and F, PTTG1 expression was
significantly suppressed by knockdown of SOS1, suggesting that SOS1 plays a critical role
in regulating PTTG1 expression. It has been reported that PTTG1 plays a critical role in the
EMT and self-renewal of CSCs (34). To examine whether PTTG1 is essential to the
stemness of AA cell lines, we generated PTTG1 knockdown cell lines by using lenti-virus
mediated shRNA (Figure 5G). Indeed, we found that knockdown of PTTGL1 significantly
decreased the CSCs population by both FACS (CD24-/CD44+/ESA+) analyses and
mamosphere formation assay (Figure 5G and H and Supplementary Figure 4B).
Furthermore, mRNA levels of PTTG1 are positively correlated with CD44 and ESA in
breast cancer patients (n=710) (Supplementary Figure 4C).Our data indicates that PTTG1 is
a downstream effector of SOS1 which further promotes the stemness of CSCs.

SOS1 enhances M2 polarization of macrophages and alter the immune landscape of the

lung

It has been well recognized that metastatic growth of tumor cells requires the adaption and
interaction with the tumor microenvironment. To investigate whether SOS1 play a role in
remolding the tumor microenvironment in the lung, we examined the immune landscape of
metastatic lesions in the lung after implanting EQ771 cells with or without knockdown of
SOS1 through the tail vein injection into immune competent mice. CD45+ immune cells
were sorted by MACS from metastatic tumors followed by single cell sequencing analysis.
We found that the knockdown of the SOS1 significantly reduced the number of M2
macrophages (Figure 6 A,B), suggesting that SOS1 may regulate the expression of secreted
factors that affect the polarization of macrophages. Notably, conditioned medium from
MDAA468 cells but not from SOS1 knockdown cells significantly induced CD163
expression, a well-established marker for M2 macrophage, in PMA-treated THP-1 cells
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(Figure 6C). To identify the potential factors secreted from SOS1M9" tumor cells, we
performed cytokine/growth factor array analysis using the conditioned medium of breast
tumor cells with or without expression of SOS1, and found that knockdown of SOS1
suppressed a group of inflammatory cytokine expression including CXCL1, CCL2, IGFBP2
and CXCL7 (Figure 6D, E). Among these factors, CCL2 but not CXCL1 was found to be
highly secreted by cancer cells compared to macrophage, suggesting that CCL2 may have an
impact on the surrounding tumor microenvironment (Supplementary Figure 5A). Therefore,
we decided to focus on further investigating the role of CCL2 in M2 macrophage
polarization. As shown in Figure 6F, knockdown of SOS1 significantly decreased the levels
of CCL2 in two AA cell lines. Furthermore, recombinant CCL2 significantly induced the
expression of M2-associated genes while decreased M1-associated genes in PMA-treated
THP-1 cells (Figure 6G). These results suggest that tumor cells with high SOS1 expression
secrete CCL2 that promotes M2 polarization of macrophages, which in turn enhances tumor
progression in the lung.

Taxifolin suppresses lung metastasis by inhibiting SOS1 signaling

Our results suggest that upregulated SOS1 in AA women is a potential risk factor for
aggressive breast cancer. Our results have also shown that when c-Met is activated by HGF,
which is often overexpressed in obese patients, SOS1 signaling promotes tumor progression
by affecting both tumor cells and the tumor microenvironment. Therefore, SOS1 is
potentially a therapeutic target for AA breast cancer patients. There is a growing body of
evidence indicating that natural compounds are very effective chemo-preventive agents due
to their lower toxicity and high bioavailability compare to traditional chemotherapies. To
search for natural compounds that can block the SOS1 mediated signaling, we used GLIDE
docking software to screen natural compounds that may block the interaction of SOS1 and
Grb2 using a library containing 840 natural compounds. Top three natural compounds were
selected followed by functional assay to validate the screening results. We identified
taxifolin as the most promising compound that inhibits the downstream signaling of SOS1
comparing to avicularin and vasicine ( Supplementary Figure 6 A) The overlay of docking
poses of taxifolin (yellow) and SOS peptide (Grey) was shown in Figure 7 A. Engagement
of SOS1 and Grb2 activates Ras and blocking this interaction by taxifolin is expected to
suppress the Ras activation. We then tested the inhibitory activity of taxifolin on Akt
activation, which is a key downstream event of SOS1-Ras signaling. Taxifolin indeed
suppressed phosphorylation of Akt in an HGF-dependent manner (Figure 7B). Furthermore,
taxifolin treatment significantly decreased PTTG1 expression in two AA cell lines both in
MRNA and protein levels examined by qRT-PCR and Western blot (Figure 7C,D).
Immunocytochemical analyses also revealed that taxifolin strongly suppressed CCL2 levels
in both AA cell lines (Figure 7E). We also tested the efficacy of taxifolin in vivo by
administering the compound to immune competent obese mice that had been intravenously
injected with E0771 cells. We found that taxifolin effectively suppressed lung metastasis in
this model (Figure 7F). Moreover, we found that taxifolin treatment significantly decreased
M2 macrophages in the lung metastatic sites by immunocytochemistry using two different
sets of antibodies that detect M2 macrophages (CD68*/CD163* and CD68*/Arg1*) (Figure
7G). Therefore, taxifolin is considered to be a promising drug for treating metastatic breast
cancer in AA women with obesity.
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Discussion

Racial disparity is one of the major risk factors that affect the tumor progression for breast
cancer patients, and AA patients are known to develop more aggressive metastatic diseases
compared to CA patients (1). In this study, we found that SOS1, a guanine nucleotide
exchange protein which is essential for the activation of Ras protein, was significantly
upregulated in AA patients. Importantly, the expression of SOS1 is controlled through the
super enhancer which is epigenetically activated in an AA-dependent manner. To the best of
our knowledge, this is the first study to demonstrate that differential gene expression in AA
and CA can be regulated by racial specific histone modifications. Increased levels of SOS1
was previously reported in AA patients with prostate cancer, and this gene was also found to
be one of the 18 genes that are upregulated in AA breast cancer patients (35,36). Missense
mutations in SOS1 have been reported in individuals with Noonan syndrome but not in
breast cancer patients (37,38). Racial specific SNPs have been shown to have a substantial
impact on gene expression in various cancers (39-41). Bensen and colleagues performed a
large scale genome wide SNP study by analyzing 8,350 women including 3,663 breast
cancer patients and 4,687 controls in the cohort of African American Breast Cancer
Epidemiology and Risk (AMBER) Consortium and found only four racial specific SNPs that
affect the expression of miR3065 and BAIAP2, but not SOS1(42). Interestingly, Moncini et
al. identified a heterozygous ¢.755T>C variant in SOSZ that was able to enhance the activity
of Ras-Erk pathway in Noonan syndrome patients (43). However, because this SNP affects
only the activity of SOS1 protein but does not alter the mMRNA expression, it would be
necessary to analyze other potential SNPs that are located in the promoter regions or gene
body of SOSZin AA and CA patients.

Epigenetic modification, particularly DNA methylation has been shown to play a critical
role in gene regulation in the context of racial disparities (44,45). Fraser et al. examined the
DNA methylation status around the promoter of over 14, 000 genes in 180 cell lines isolated
from AA and CA populations and found racial specific DNA methylation in over one third
of those genes(46). Furthermore, Benevolenskaya et al. identified hypermethylation in the
promoter regions of F.ZD9, MME , BCAP31, HDACSY, PAX6, SCGB3A1, PDGFRA,
IGFBP3, and PTGSZ genes from 75 breast tumor samples including 21 CA, 31 AA, and 23
Hispanic patients (47). Regardless of the drastic difference of methylation patterns among
AA and CA, the expression levels of methyltransferases were unchanged, indicating that
other mechanisms may be involved in this event (Supplementary Figure 7A). Here we
demonstrated that SOSZ was upregulated by a super enhancer identified by H3K27Ac
signaling that is specifically enriched in AA cell lines and tumor tissues from AA patients.
Furthermore, we have identified miR483 as a microRNA targeting SOS1. Importantly, we
found that miR483 expression was regulated by H3K27me3 histone methylation in the
promoter region. Therefore, both key components, miR-483 and the super enhancer, that
control the expression of SOS1 is regulated by racial specific histone modifications.
However, the overall histone modification levels and the amount of histone
deacetyltransferases (HDACS) and histone methyltransferases (HMT) are at similar levels
between those two races (Supplementary Figure 7B,C).
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In addition to the histone modifications that lead to an enhanced transcriptional activity of
SOS1 in AA tissues, we have identified miR-483 as a post-transcriptional regulator of SOS1
by targeting its 3’UTR. Both tumor promoting and suppressive functions of miR-483 have
been reported in different cancers. MiR-483 is also known to be embedded in the IGF2 gene
and it binds directly to the 5’UTR of /GF2mRNA, which promotes its transcription by
enhancing the association of the RNA helicase DHX9 with the /GF2transcript (48).
However, we found no difference between AA and CA patients (Supplementary Figure 7D).
We also found that the expression of miR-483 was significantly decreased in AA cell lines
and tumor samples, which is validated by multiple cohorts and our clinical samples.
Furthermore, higher level of miR-483 was correlated with a better relapse-free survival in
breast cancer patients. Differential expression of several microRNAs between AA and CA
have been shown by others by genetic profiling of tumor samples. However, a mechanism
involved in racial specific microRNA regulation is vastly unknown, and our study is the first
to show that racial specific histone modification plays a critical role in microRNA
modulation in different ethnicity groups.

The nonbiological factors such as socioeconomic factors, obesity, and plasma hormone
levels are known to correlate with the aggressiveness and survival of breast cancer regardless
of race (4). Obesity is more prevalent in African American women compared to other races,
and it has been associated with a more advanced stage of breast cancer (49,50). Our GSEA-
based screening showed that the c-Met pathway was highly activated in AA patients. We
also showed that HGF, the ligand of c-Met, is highly expressed in obese patients.
Furthermore, Bousquenaud et al. recently showed that obesity promotes breast cancer
metastasis by enhancing neutrophil infiltration and EMT in syngeneic breast cancer models
with high fat diet (51). Since AA women have significantly higher incidence of obesity than
CA women, the higher amount of HGF in the circulation of AA patients is likely to activate
the c-Met pathway in tumor cells, which would be further augmented by overexpression of
SOS1. Therefore, obesity is considered as one of racial factors that contribute to the
progression of breast cancer. In addition to the various secreted growth factors and ligands
that directly activate corresponding receptors and signaling pathways, obesity may also play
arole in epigenetic regulation of gene expression. Wahl and colleagues found that BMI was
associated with the DNA methylation status in 10,261 healthy donors and that adiposity is
the cause of DNA methylation (52). We have demonstrated that overexpression of SOS1
amplifies the signaling that was transduced from various tyrosine kinase receptors such as c-
Met which is further activated by HGF secreted from adipocytes.

The roles of M2 macrophage have been well characterized in both primary and metastatic
tumors in various types of cancers (53). Our single-cell RNA sequencing and cytokine array
analysis revealed that SOS1 promotes the lung metastasis through secreted CCL2 which
enhances the M1-M2 transition of macrophages. It has been reported that obesity increases
the amount of adipose tissue macrophages that are mainly pro-inflammatory (54). Moreover,
Tashiro et al demonstrated that saturated fatty acid increased the number of lung
macrophages in mice fed with high-fat diet (55). Therefore, it is highly plausible that
increased amount of macrophages in the lung may serve as a pre-metastatic niche for the
outgrowth of tumor cells, which will further induce the M1-M2 switch of macrophages. In
addition to macrophages, neutrophils have also been reported to be recruited in the lung of
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mice fed with high-fat diet in a CXCL1 dependent manner (56). Manicone and colleagues
showed that high fat diet increased CXCL1 and CXCL2 but not CCL2 levels in the plasma
of obese mice (57). Interestingly, our cytokine array data also showed a strong decrease of
CXCL1 expression after knock down of SOS1 in tumor cells. Since tumor cells are not
abundant source of CXCL1compaerd to immune cells (Supplementary Figure 5A), it is still
possible that CXCL1 directly promotes tumor metastasis in an autocrine manner, which has
been previously reported.

Ras protein itself is known to be “undruggable” and most of the efforts have been focused on
targeting Ras membrane interaction and subcellular localization (58). In addition, inhibitors
of downstream pathways of Ras such as RAF-MEK-ERK are still under clinical evaluation
(59). Increasing evidence showed that targeting the upstream transducers of Ras signaling
may be a more effective approach. Hillig et al. performed a high-throughput screening using
the Bayer drug library which consists of over 3 million compounds and identified
quinazoline as a potential Ras inhibitor by blocking the interaction between Ras and SOS1
(60). Yu et al. developed a dimeric peptide that forms a covalent bond with cytosol Grb2
protein which leads to the inhibition of cell mobility and viability (61) . Cussac et al.
reported another approach to target tumorigenic Ras-dependent processes by using a proline-
rich Sos-derived peptide dimer which inhibits the recognition between Sos and the two SH3
domains of Grb2 (62) . We have identified taxifolin which blocks the interaction between
SOS1 and Grb2 by using computer-aided molecular docking approach by searching a most
comprehensive natural compound library that has ever been reported. Tumor suppressive
function of taxifoline has previously been reported in UV-induced skin cancer by targeting
EGFR mediated PI3K pathway, which is consistent with our findings that taxifolin
attenuates HGF-induced phosphorylation of AKT (63). Notably, Tumurkhuu et al. showed
that mutation of SOS1 affected the expression levels of multiple genes that are involved in
both RAS/MAPK and PI3K/AKT pathways (64). In addition, SOS1 expression is
indispensable to the activation of the HRAS/PI3K/AKT pathway and maintaining nuclear
translocation of p-AKT in liver cancer (65). Therefore, it is possible that taxifolin attenuates
tumor growth through multiple mechanisms. Nevertheless, since SOS1 and HGF mediated
c-Met signaling is highly activated in AA patients, taxifolin may serve as an effective
chemo-preventive drug for AA patients with obesity (Figure 7H).
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Refer to Web version on PubMed Central for supplementary material.
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Significance

Findings elucidate the signaling network of SOS1-mediated metastasis in AA patients,
from the epigenetic upregulation of SOS1 to the identification of taxifolin as a potential
therapeutic strategy against SOS1-driven tumor progression.
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Figure 1. c-Met-SOS1 pathway is activated in AA breast cancer.
(A) GSEA was performed using the TCGA database for 110 breast cancer specific signaling

pathways. List of enriched gene signatures in AA and CA patients are shown. (B) The result
of GSEA for the c-Met signature in AA and CA breast cancer patients. (C) Expression of 17
genes directly associated with the c-Met pathway in AA and CA patients were examined
using GSE78958 database. (D) SOS1 expression was examined in breast cancer patients
with different races using GSE20194. (E) Expression of the SOSI gene was examined for
AA and CA breast cancer patients by Tagman PCR. (F) SOS1 protein levels in AA and CA
breast cancer patients were examined by IHC. Right panels show representative images from
two patients each from AA and CA. scale bar : 100 um(G) SOS1 expression was examined
in various breast cancer cell lines derived from AA or CA patients. (H) mRNA and protein
expression of SOS1 were examined for various breast cancer cell lines derived from AA and
CA patients. (I) Lung metastasis-free survival was examined for 710 breast cancer patients
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with high or low SOS1 expression using the previously published cohort data (31). * P<0.05,
** P<0.001.
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Figure 2. SOSlisregulated by a super enhancer.
(A) ChIP-seq data of H3K27Ac signaling for two AA and two CA cell lines. The region

most significantly changed between AA and CA is indicated by a red box (upper panel).
(B)The red boxed region in Fig. 2a is expanded, and the super enhancer region of SOS1 is
identified based on EnhanerAtlas. (C) H3K27Ac ChIP-PCR analysis for the super enhancer
region was performed for clinical samples from AA and CA breast cancer patients. (D)
Super enhancer was deleted using the paired-end sgRNA-mediated CRISPR technology in
three AA cell lines, and the expression of SOS1 was examined by qRT-PCR. * p<0.05, **
p<0.001.
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Figure 3. Down regulation of miR-483 promotesthe SOS1 expression in AA patients.
(A) List of microRNAs that are differentially expressed in AA and CA breast cancer patients

based on TCGA database. The number of potential binding sites of each microRNA on
3’UTR of the SOS gene was examined by TargetScan. B) Two predicted miR-483 binding
sites on 3’UTR of the SOSI gene by TargetScan is shown. (C) Expression of miR-483 was
examined in AA and CA breast cancer patients using GSE39543. (D) Ectopic expression of
miR-483 suppressed SOS1 in two AA breast cancer cell lines. The expression was examined
by western blot. (E) Relapse-free survival of breast cancer patients with high or low
miR-483 expression was examined using GSE22220 (n=210). (F) miR-483 expression in
breast tumor cell lines derived from AA or CA patients was examined using GSE41313. (G)
miR-483 expression in the indicated breast cancer cell lines was measured by Tag-man PCR.
(H) Reverse correlation between SOS1 and miR-483 expression was examined in breast
cancer patients using GSE58215. (1) H3K27me3 signaling in the promoter (red boxed) of
miR-483 of the indicated AA and CA cell lines. (J) Potential transcriptional start sites of
miR-483 predicted by miRStart. (K) H3K27me3 ChIP-PCR analysis for the promoter region
of miR-483 was done using clinical samples from AA (n=5) and CA (n=5) breast cancer
patients. * p<0.05, ** p<0.001.
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Figure 4. Knockdown of SOS1 suppressed lung metastasisin obese mice.
(A) Expressions of HGF in breast tumor tissues and matched adjacent normal tissues were

analyzed using GSE70947. (B) Expression of HGF was examined by gRT-PCR in various
tissues. (C) MDA468 and HCC1806 cells were treated with or without conditioned medium
from adipocytes for 30mins followed by immunocytochemical analysis for phosphor-c-Met.
Scale bar: 20um. (D) Western blot analyses for phosphor-AKT and phosphor-Erk in HGF-
treated HCC1806 cells with or without knockdown of SOS1. (E) 4T1 or 4T1/shSOS1 cells
(2X10°) were implanted by tail vein injection into BALB/C mice, and they were treated with
or without recombinant HGF (2 mg/kg twice/weekly). Lung metastasis signal was measured
by IVIS. Knockdown of SOS1 was verified by western blot (inserted fig). (F) EQ771 cells
(2X105) were implanted through tail vein into normal or obese C57/B6 mice followed by
measuring lung metastasis signal at different time points. Knockdown of SOS1 was verified
by western blot (inserted fig). * p<0.05, ** p<0.001.
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Figure 5. SOS1 mediated PTTG1 upregulation and enhanced stemness of cancer cells.
(A) Flowchart for identifying racial-specific genes using the tool for Master regulator

analysis from GeWorkbench. (B) List of most significantly enriched master regulators in AA
vs CA. (C) Lung metastasis-free survival of patients with high or low PTTG1 expression
was examined. (D) Correlation between SOS1 and PTTG1 expressions in breast cancer
patients was examined using the previously published cohort database (n=710). (E) PTTG1
expression was examined in cancer cells with or without knock-down of SOS1 by qRT-PCR.
(F) PTTG1 expression was examined in cancer cells with or without knock-down of SOS1
by Western Blot. (G) Cancer stem cell population was measured for HCC1806 or MDA468
cells with or without knockdown of PTTG1 by FACS. Knock down of PTTG1 was
examined by Western Blot (inserted figure). (H) Mammosphere forming assay was
performed using MDA468 cells with or without knockdown of PTTG1. Scale bar: 100pum *
p<0.05, ** p<0.001.
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Figure 6. SOS1-induced CCL 2 promotes lung metastasis by polarizing macrophages
(A) EO771 cells with or without knockdown of the SOSZ was injected into obese C57/B6

mice via tail vein. After 30 days, lungs were removed, dissociated, and CD45+ cells were
then selected by MACS sorting. The isolated CD45+ cells were then subjected to single cell
RNA sequencing analysis. (B) Expression profile of immune specific gene sets was analyzed
for different types of immune cells. (C) CD163 expression in THP-1 cells that were
incubated with the conditioned medium derived from cells with or without knockdown of
SOS1 was examined by immunocytochemistry. Scale bar: 20um. (D) Human growth factor
and cytokine array analysis (Raybiotech) was performed for the conditioned medium of
MDAA468 with or without knockdown of SOSL1. (E) List of secretary factors that most up- or
down-regulated by SOS1. (F) gRT-PCR analysis for CCL2 in breast tumor cells with or
without knockdown of SOS1. (G) M1- and M2-associated genes were examined in THP-1
cells treated with or without recombinant CCL2, by gRT-PCR * p<0.05, ** p<0.001.
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Figure 7. Taxifolin suppresses lung metastasis by disrupting SOS1-Grb2 interaction.
(A) Computational docking analysis showing that taxifolin (yellow) blocks the interaction of

SOS1 (gray) and Grb2 (light blue). (B) Western blot analysis for p-AKT in AA cancer cells
with or without treatment of HGF and taxifolin. (C) mRNA level of PTTG1 was examined
in tumor cells treated with or without taxifolin by qRT-PCR. (D) PTTGL1 protein expression
was examined by western blot in tumor cells treated with or without taxifolin. (E) CCL2
expression was examined by immunocytochemical analysis in tumor cells that were treated
with or without taxifolin. Scale bar: 20um (F) E0771 cells (2x10°) were implanted into
obese C57/B6 mice through tail vein followed by taxifolin treatment (30 mg/kg twice a
week). Lung metastasis signal was measured at different time points by I1VIS. (G) M1 and
M2 macrophages in the lung metastatic sites from the mice treated with or without taxifolin
were examined by immunocytochemistry using anti-Arg1/CD68 and anti-CD163/CD68
antibodies. Scale bar: 20um (H) Proposed mechanism of epigenetic regulation of SOS1 and
its role in lung metastasis. * p<0.05, ** p<0.001.
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