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a b s t r a c t 

Background: Liver is one of the most preferred destinations of distant metastasis in gastric cancer (GC). 

As effective treatment is still limited, the prognosis of GC patients bearing liver metastasis is poor. We 

filter out lysyl oxidase (LOX) to study its function in the tumor microenvironment (TME) and seek for 

potential therapeutic targets. 

Methods: Transcription analysis on 6 cases of liver metastasis of GC patients with respective paired 

primary tumors and adjacent normal livers was performed. The filtration out of LOX was done using 5 

datasets. 69 GC liver metastasis tissues were utilized to perform immunohistochemistry (IHC) and ana- 

lyze prognosis. Computed Tomography (CT) combined 3D organ reconstruction bioluminescence imaging 

was performed to precisely evaluate the metastatic tumor burden on liver of intrasplenic injection mouse 

model. Human and mouse cancer associated fibroblasts (CAFs) in liver metastasis were separated to cul- 

ture to study the interaction of LOX and TGF- β1. Patients-derived xenograft (PDX) model was established 

using liver metastasis of patients to evaluate the therapeutic value of LOX inhibitor β-aminopropionitrile 

(BAPN). 

Results: CAFs-derived LOX at liver metastatic niche of GC promotes niche formation and outgrowth thus 

predicts poor prognosis. Meanwhile tumor cells in niche secrete TGF- β1 to nourish CAFs and stimulate 

them to produce more LOX in turn. The mechanism involved in LOX-mediated proliferation facilitation is 

enhancement of Warburg effect. The inhibitor of LOX, BPAN could hamper the effect brought by LOX in 

vivo and in vitro . 

Interpretation: Our study has unveiled a positive feedback loop between CAFs and tumor cells in liver 

metastasis niche of GC. The core molecule is LOX which facilitates Warburg effect. Targeting LOX with its 

inhibitor BAPN might serve as a potential therapeutic strategy. 
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1. Introduction 

For years, liver metastasis of invasive GC heralds a poor prog-

nosis in patients even the metastatic burden is surgically re-

sectable [1–6] . Tiny metastatic niche achieving expansion to form

macro metastasis is a complex process which requires continuous

crosstalk among different cells involved in TME [7–10] . Though ex-

tensive studies on roles of TME playing in cell metastatic ability

and metastatic burden initiation, the mechanism through which

TME exerts regulation on expansion of liver metastasis of GC is still

unclear. 

CAFs have been thought to be one of the most important mem-

bers of TME components, its location was recognized as “battle-

front” between metastatic niches and adjacent normal liver tis-

sue characterized by enriched extracellular matrix (ECM), abundant

chemokine and infiltration of immune cells [11–14] . Emerging ev-

idences indicate that tumor cells supported by CAFs display more

invasive and proliferative phenotype than those lacking nutrition

via getting a relatively easier access to various inflammatory fac-

tors, chemokines and secreted proteins [15] . And the tumor cells

could also transform and induce aggregation of CAFs thus form a

positive feedback loop, resulting in large metastatic niche embed-

ding in thick stroma. Hepatic stellate cells (HSCs) as vital cell types

in liver, switch from quiescent phase to activated one when stim-

ulated by microenvironment alteration, and the latter will gain a

unique expression profile [15–17] . Recent study has pointed out

that the activation of HSC could be induced via many factors in-

cluding the invasion of tumor cells. And there are also evidences

that activated HSCs will be as predecessor of CAFs in liver metas-

tasis [16] . 

Here, through analysis on 4 datasets displaying the upregulated

secreted proteins in activated HSCs of rat model, mice model or

patients and intersecting with our own transcription analysis on

stroma-rich liver metastasis, we have found the key molecule of

LOX derived by CAFs. We demonstrated that the CAFs-derived LOX

and tumor cell-derived TGF- β1 exerted mutual beneficial effect

on each other and at last achieved the macro metastasis. We uti-

lized CT-combined 3D organ reconstruction bioluminescence imag-

ing and intrasplenic injection model to study these progresses in

vivo and used cultured human or animal CAFs for in vitro inves-

tigations. We have also unveiled the mechanism of promotive ef-

fects on tumor cells mediated by LOX is facilitating Warburg effect.

At last we used PDX model to suggest that BAPN could serve as a

promising targeting drug towards GC liver metastasis. 

2. Materials and methods 

2.1. Clinical samples 

Patients and specimens involved in our study constituted three

cohorts for respective experimental design, which were all from

Renji Hospital, Shanghai Jiaotong University School of Medicine.

The whole process of specimen collection and experiment perfor-
∗ Corresponding authorat: State Key Laboratory of Oncogenes and Related Genes, 

Shanghai Cancer Institute, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong 

University, 800 Dongchuan Road, Shanghai 200240, PR China. 
∗∗ Co-corresponding author. Department of Gastrointestinal Surgery, Ren Ji Hospi- 

tal, School of Medicine, Shanghai Jiao Tong University, No. 1630, Dong Fang Road, 

Pu Dong New District, Shang Hai, 200127 Pu Dong, PR China. 
∗∗∗ Co-corresponding author. Faculty of Health Sciences, University of Macau, Taipa, 

Macau, PR China. 

E-mail addresses: zzhang@shsci.org , xujia78520@126.com (J. Xu), 

kluo@um.edu.mo (K.Q. Luo), zhaogang74313@aliyun.com (G. Zhao), 

zzhang@shsci.org (Z.-G. Zhang). 
1 These authors contributed equally to this work. 
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ance were approved by the local ethics committee in Renji Hos-

ital, with all patients’ informed consents. 

Cohort Ⅰ containing 69 GC patients with liver metastasis was

ollected from 2005 to 2011 and arranged for retrospective anal-

sis. Cohort II was a group of fresh tissues specimens, consisting

f corresponding liver-metastasis, invasive-margin and adjacent-

iver regions. These fresh tissues were used for validation in the

RNA and protein levels and stored in liquid nitrogen. In addi-

ion, some freshly operated GC patients, bearing liver metastasis,

ere involved in our study for patient derived xenograft models

nd organotypic tumor explant models, which were defined as Co-

ort III. All these patients were diagnosed by both clinical surgeons

nd professional pathologists. Approval letter of Shanghai Jiaotong

niversity School of Medicine, Renji Hospital Ethics Committee is

o. (2017)114. 

.2. Cell culture and reagents 

Human GC cell lines HGC27 and N87 were preserved at Shang-

ai Cancer Institute, Renji Hospital, Shanghai Jiao Tong University

chool of Medicine, while mouse GC cell line MFC was provided

y the Cell Bank of Chinese Academy of Sciences (China). All cells

ere maintained in RPMI1640 medium, which additionally con-

ained 10% fetal bovine serum (FBS) and 1% antibiotic mixture and

ncubated at 37 °C with 5% CO 2 . All experiments of cells were con-

ucted in biohazard safety equipment. 

.3. Transduction of short-hairpin and construction lentivirus 

The lentivirus carrying short-hairpin RNA (shRNA) of Tgfb1,

gfb2, Tgfb3 and negative control (NC) were purchased from

enechem Co., Ltd (Shanghai). The lentivirus particles were trans-

ected into cells in the presence of 1 × HitranasG transfection

eagent (Genechem Co., Ltd), when cells confluence grew up

o 40 −50%. Virally infected cells were incubated with 5 μg/ml

uromycin (A1113802, Gibco, USA) to select stable knockdown

ells. Then, transduction efficiency was determined at both quan-

ification and location levels. The sequences of shRNA: 

Tgfb1 5 ′ -GCAACAATTCCTGGCGTTACC-3 ′ 
Tgfb2 5 ′ -GCTTTGATGTCTCAACAATGG-3 ′ 
Tgfb3 5 ′ -GCACGGTGCTTGGACTATACA-3 ′ 

.4. Cell viability assay 

To evaluate the proliferation and apoptosis rates of GC cells

earing genetic and enviromental alternations, cell viability was

easured by Cell Counting Kit-8 (CCK-8, Dojindo, Japan). In brief,

esting cells (50 0 0 cells/10 0 μl medium) were seeded into 96-

ell plates and monitored at the same interval, by measuring ab-

orbance at 450 nm using a microplate reader after incubation with

CK-8 reagent at 1:10 with medium for one hour. The measure-

ent was performed for independent three times with five re-

eating wells. For treatment, BAPN (300 μM), rLOX (300 ng/ml) or

LOX 

mut (300 ng/ml) was performed. 

.5. Quantitative real-time PCR 

Trizol reagent (9109, Takara, Japan) was used for total RNA ex-

raction, and the RNA samples were reversely transcribed using

rimeScript RT-PCR kit (RR037A, Takara, Japan) to obtain corre-

ponding cDNA according to its protocols. The expressions of indi-

ated genes were analyzed by quantitative real-time PCR methods

ith the 7500 Real-time PCR system (Applied Biosystems, USA).

YBR Premix Ex Taq (04,913,914,001, Roche) was used to form the

etecting systems. Relative mRNA expressions were assessed and

mailto:zzhang@shsci.org
mailto:xujia78520@126.com
mailto:kluo@um.edu.mo
mailto:zhaogang74313@aliyun.com
mailto:zzhang@shsci.org
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he mRNA levels of 18 s were recognized as control. Sequences of

rimers were listed in the supplementary data. 

.6. Immunohistochemistry 

Prepared human GC liver metastasis tissues paraffin sections

nd mouse liver metastasis tissues paraffin sections were involved

n our study for validation at the tissue levels. Immunohistochem-

stry (IHC) and immunofluorescence (IF) staining were the main

pproaches to determine the expression profiles of indicated pro-

eins. 

For IHC, prepared slides were deparaffinized in xylene and re-

ydrated in gradient alcohol (100–95–85–75%). Then antigen re-

rieval was performed with citrate buffer at 95 °C for 15 min.

fter that, tumor tissues were exposed to 0.3% hydrogen perox-

de in methanol to inactivate endogenous peroxidases. After be-

ng blocked in 10% bovine serum albumin (BSA) for one hour,

he slides were incubated with the indicated primary antibod-

es at 4 °C overnight, followed by incubating with correspond-

ng HPR-conjugated secondary antibody (1:300). The local proteins

ere marked with DAB (8059, Cell Signaling Technology, USA) and

bserved under the microscope, after slides being counterstained

ith hematoxylin. In addition, hematoxylin and eosin (H&E) stain-

ng was conducted according to standard protocols. 

.7. Immunofluorescence staining 

For tissue immunofluorescence staining, slides were prepro-

essed according to what was mentioned above, until antigen re-

rieval. Then prepared slides were blocked with 10% BSA for one

our, followed by being incubated with indicated primary anti-

odies at 4 °C overnight. The corresponding secondary antibodies

arrying green- and red-fluorescent dye were applied for protein

arking, which were incubated for one hour at room temperature.

efore digital images were taken using a confocal microscope, nu-

lei were stained with DAPI according to standard methods. For

ell immunofluorescence staining, cells were seeded on chamber

lides (81,201, ibidi, German) with indicated treatment. The pre-

ared cells were fixed with 4% paraformaldehyde, followed by per-

eabilization with 0.2% Triton X-100 (P0096, Beyotime, China) or

o permeabilization for membrane proteins. Then the protocols

ere similar with tissue immunofluorescence staining, from block-

ng to protein marking. Digital images were also taken using a con-

ocal microscope. 

.8. Western blotting 

IP-lysate buffer (P0013, Beyotime, China) was used for prepar-

ng cell lysates to collect total proteins, whose degradation and

ephosphorylation were blocked by protease and phosphatase in-

ibitor (HY-K0010 and HY-K0023, MCE, China). Then the lysates

ere centrifugated for 15 min at 4 °C, with the supernatant be-

ng collected. After total protein standardized by BCA Protein Assay

it (Pierce Biotechnology, USA), samples (30 μg/lane) were sepa-

ated through electrophoresis on the 8–10% SDS-PAGE gel and then

ransferred to nitrocellulose membranes. The membranes bear-

ng separated proteins were blocked with 5% skimmed milk for

ne hour, followed by being incubated with primary antibodies

vernight at 4 °C. Subsequently, these membranes were probed

ith a horseradish peroxidase (HRP)-conjugated secondary anti-

ody (1:10,0 0 0). 

.9. ECAR measurement 

Seahorse XF96 Flux Analyser (Seahorse Bioscience) was used

o measure in vitro metabolic alterations. Cells were seeded at
 × 10 4 per well in a XF-96-wll plate and cultured under a serum

tarvation condition for 24 h. Then cells were incubated in un-

uffered medium, followed by a sequential injection of 10 mM glu-

ose, 1 mM oligomycin (Sigma-Aldrich), and 80 mM 2-deoxyglucose

2-DG, Sigma-Aldrich, D8375). The measurements were normalized

sing the 0 h data as a standard. The concentration of BAPN was

00 μM. 

.10. Glucose and lactate measurement 

Cells were prepared in 6-well plate with 24 h starvation. Then

ells were treated with rLOX or LOX 

mut contained medium for an-

ther 24 h. Then the medium was harvested for glucose and lactate

easurement. For glucose uptake measurement, glucose assay kit

Sigma-Aldrich) was utilized; for lactate production, Lactate Assay

it (BioVision) was used. All tests were strictly performed follow-

ng the manufacturer’s instruction. 

.11. In situ hybridization, RNA-ISH (RNAscope) 

RNAscope was performed using liver metastasis tissues of pa-

ients. All tests were performed following the manufacturer’s in-

tructions. ITEM RNAscope® Probe- Hs-LOX, ITEM RNAscope®

robe- Hs-ACTA2-O1-C2, and RNAscope® Probe- Hs-TGFB1-C2 

ere all purchased from ACDBIO. 

.12. Animal experiments 

Male C57BL/6N mice and BALB/C nude mice aged 6–8 weeks

ll received humane care, housed and fed in accordance with the

uide for the Care and Use of Laboratory Animals prepared by the

ational Academy of Sciences and published by the National In-

titutes of Health. All modeling procedures and experimental op-

rations were approved by the Research Ethics Committee of East

hina Normal University. 

.13. CCl 4 model 

Intraperitoneal injection of CCl4 in 25% olive oil was performed

n mice. The dose was 0.5 μl/g body weight. The frequency of in-

ection was every three days [17] . 

.14. Intrasplenic injection model 

To evaluate the liver-metastasis potency of tumor cells in vivo ,

C MFC-luciferase cells (2 × 10 6 cells in 0.02 mL PBS) with or with-

ut premixed CAFs (5 × 10 5 cells in 0.02 mL PBS) stably transduced

ith or without shRNA-lentiviral vector were injected into the

pleen of C57BL/6N male mice (6–8-week-old) using an insulin sy-

inge under 2.5% isoflurane inhalation anesthesia after surgical ex-

osure of spleen [ 6 , 16 , 18–20 ]. For Sham group, the intrasplenic in-

ection of PBS was performed. Treatment of BAPN was 100 mg/kg

n this experiment intraperitoneal injection every day [21] . 

.15. CT-combined 3D organ reconstruction bioluminescence imaging 

Intraperitoneal injection of 150 mg d -luciferin (Promega) at vol-

me of 200 μl was performed on mouse models. Then mice were

nesthetized with 2.5% vaporized inhaled isoflurane 2 min after in-

ection before placed into In Vivo Imaging System (IVIS) Spectrum

Caliper Life Sciences, Waltham, MA). Firefly bioluminescence sig-

als detected was then merge with CT image. Organ reconstruction

as performed automatically. The normalization and quantification

ere done by cube surrounding. Software version 4.5.3. 



160 Q. Li, C.-C. Zhu and B. Ni et al. / EBioMedicine 49 (2019) 157–171 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 

a  

q  

O  

G

 

w  

p  

c  

G

2

 

f  

i  

r  

d  

g  

T  

n

2

 

g  

T  

d  

a  

a  

s  

/  

p

a

2

 

n  

M  

(  

(  

p  

S  

M  

C  

m  

a  

(  

(  

a  

m  

C  

(  

f  

A

3

3

p

 

t  

i  
2.16. CAFs isolation and culturing 

Metastatic liver tumors were dissected from mouse model and

washed in icy PBS twice. Solution containing 0.01% DNase I, 0.25%

pronase E and 0.1% collagenase was used to digest tumor tissues

for 30 min at 37 °C. Then the filtration was performed using a

100 μm mesh and centrifuged on 8.2% Nycodenz. Then 20% FBS

were used to culture the collected cells [17] . 

For human CAFs, tumor tissues were washed with icy PBS and

digested with 5 mg/ml collagenase II for 8 h at 37 °C. Then TrypLE

(Gibco) was used to perform further digestion for 20 min at 37 °C.

Then the mixtures were washed for 3 times using PBS. RMPI 1640

with 10% FBS was used to culture the large tissue pieces. The piece

would be removed after CAFs outgrowth [ 22 , 23 ]. 

2.17. Ex vivo living tumor tissue culture 

To retain the structural integrity of liver metastasis niche’s

microenvironment, mouse model-derived liver metastatic tissue

was directly used to make “organotypic tumor explant model”.

Liver metastatic specimen from mice was transferred into 4 °C
saline within 30 min from resection, followed by being cut into a

8 × 4 × 4 mm 

3 block containing liver metastasis regions. The block

was cut into two parts from the middle, ensuring both parts con-

tain the same elements mentioned before and similar tumor mi-

croenvironments. Then the corresponding blocks were put into the

complete medium RPMI-1640 with vehicle and recombinant LOX

protein (OriGene Technologies) (500 ng/ml) or BAPN (200 μM), re-

spectively. 48 h later, the blocks were collected to detect the ex-

pression and localization of Ki67 by IF analysis [ 13 , 24 ]. 

2.18. Patient-derived xenograft models 

Three cases of gastric cancer patients with liver metastasis

were chosen to make the patient- derived xenograft (PDX) model,

which were identified as CAFs of LOX high-expression and low-

expression case, CAFs deficit case, respectively. Liver metastasis

specimen (F0) was washed in antibiotics-containing saline and

delivered to the laboratory at room temperature within 30 min

after the operation (gastrectomy and hepatic wedge resection).

Half of the tissue was cut into small pieces (2 × 2 × 2 mm 

3 ) for

xenograft implantation, while parts of the remaining tissue were

preserved for the histopathological analysis. The prepared patient-

derived tumor tissue was put subcutaneously in the dual lower

limbs of BALB/C nude mice (F1). For keeping the integrity of

components, F1 mice were adopted for our experiments. LOX 

pos 

CAFs case, LOX 

neg CAFs case and CAFs deficit xenografts were

transplanted to the same mouse at different lower limbs. When

the tumor mass grew to 500 mm 

3 , the F1 mice were intraperi-

toneally injected with BAPN (50 mg/kg), three times a week. Af-

ter 4-week administration, five mice with different xenografts were

sacrificed and the subcutaneous tumor tissues were separated for

weight and volume measurement, followed with immunofluores-

cence detection. The formula for calculating tumor volume was:

volume = length × width 

2 /2. See also in our previous publication

[25] . 

2.19. Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end 

labeling (TUNEL) assay 

TUNEL assay was performed using the TUNEL kit (Roche), all

steps were strictly conducted according to the manufacturer’s in-

structions. See also in our previous publication [26] . 
.20. Datasets 

Transcription analysis involving 6 cases of liver metastasis

nd paired normal liver, primary tumor is available in the Se-

uence Read Archive (SRA), the number of which is PRJNA555812.

ther involved datasets in GEO DATASETS are GSE13471, GSE73985,

SE34 94 9, and GSE68001. 

For online survival analysis, we utilized KM plotter Database

hich could be access on: http://kmplot.com/analysis/index.php?

=service&cancer=gastric . The database involved in the analysis in-

lude: GSE14210, GSE15459, GSE22377, GSE29272, GSE51105 and

SE62254 according to the description. 

.21. Statistical analysis 

Software SPSS 13.0 and GraphPad 7.0 were used in our study

or statistical analysis. The prognosis of clinical patients and exper-

mental mice were analyzed by Kaplan-Meier plot method and log-

ank test, shown as survival curves with p value. Two-tailed Stu-

ent’s t -test was performed for evaluation of differences between

roups. Chi-square values were calculated for correlation analysis.

he values of p less-than 0.05 were considered as statistically sig-

ificant. 

.22. Gens set enrichment analysis (GSEA) 

GSEA v4.0.1 Java Web Start (all platforms) of 4GB (64bit) was

ained from http://software.broadinstitute.org/gsea/downloads.jsp .

ranscriptional analysis data on metastasized patients’ livers was

evided into two groups according to LOX expression (high vs . low)

nd .cls file or .gct file were established. We also generate .chip file

ccording to our transcriptional analysis chip platform. Our gene

ets database involved in this analysis was ftp.broadinstitute.org:

/pub/gsea/gene_sets/c2.cp.kegg.v7.0.symbols.gmt; the number of

ermutations is 10 0 0; Collapse dataset to gene symbols is “true”

nd permutation type is “gene_set”. 

.23. Reagents 

The following antibodies were purchased from Cell Sig-

aling Technology: HIF-1 α (D1S7W) (Rabbit mAb#36,169); c-

yc (D84C12) (Rabbit mAb #5605); Phospho-Akt (Thr308)

244F9) (Rabbit mAb #4056); Phospho-Akt (Ser473) (587F11)

Mouse mAb #4051); Akt (pan) (11E7) (Rabbit mAb #4685);

70 S6 Kinase (49D7) (Rabbit mAb #2708); Phospho-p70

6 Kinase (Thr421/Ser424) (Antibody #9204); Phospho-p44/42

APK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) (Rabbit mAb (HRP

onjugate) #854 4); p4 4/42 MAPK (Erk1/2) (137F5) (Rabbit

Ab #4695); FAK antibody ( #3285); Phospho-FAK (Tyr576/577)

ntibody (#3281); CDK4 (D9G3E) (Rabbit mAb #12790); Rb

4H1) (Mouse mAb #9309); Phospho-Rb (Ser807/811) (D20B12)

Rabbit mAb #8516); Cyclin D1 antibody (#2922), PRAS40

ntibody (#2610); Phospho-PRAS40 (Thr246) (D4D2) (Rabbit

Ab #13175). The followings reagents were purchased from AB-

AM: Anti-LOX antibody (ab174316); Anti-TGF beta 1 antibody

ab27969); Anti-Ki67 antibody (ab15580). rLOX was purchased

rom OriGene Technologies. BAPN was purchased from Sigma-

ldrich. 

. Results 

.1. CAFs-rich stroma in liver metastatic niche of GC predicts poor 

rognosis 

We first investigated whether the enrichment of stroma around

he metastatic niche correlates with prognosis of patients bear-

ng liver metastasis of GC ( Fig. 1 a and b). We also performed

http://kmplot.com/analysis/index.php?p=service&cancer=gastric
http://software.broadinstitute.org/gsea/downloads.jsp
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Fig. 1. Aggregating CAFs at liver secret LOX to enhance metastasis of GC. ( a and b ) Representative PET-CT images and H&E staining on liver metastatic niche of GC patients 

to confirm the amount of CAFs ( n = 16 patients, 3 fields assessed per sample to IHC-P staining). Scale bars, 20 0 0 μm. ( c ) Representative fields of RNA scope displaying the 

location of mRNA of ATCA2 ( n = 4 samples, 3 fields assessed per sample). Scale bars, 100 μm. ( d ) Representative H&E staining and IHC-P staining of α-SMA on GC liver 

metastasis ( n = 69 samples, 3 fields assessed per sample). Scale bars, 100 μm. ( e ) Kaplan–Meier analyses of the prognostic value of α-SMA based on IHC-P staining scores on 

69 liver metastasis tissues of GC patients ( n = 69 patients). ( f ) Shown is the scores according to IHC-P staining of α-SMA on 69 liver metastasis of GC patients and 30 liver 

metastasis mouse models experienced intrasplenic injection of MFC cells respectively ( n = 69 patients, 30 mouse models). Chi-square test. ( g and h ) Shown is the used GEO 

datasets and Renji transcription analysis on liver metastasis of GC ( g ) and the filtering out of LOX in Venn Diagram ( h ). 
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H&E staining in 69 cases of GC liver metastatic tissues and eval-

uated the enrichment of stroma by scoring the richness of CAFs-

predominant stroma in metastatic area (Figure S1a). Since re-

sults have demonstrated the positive correlation between thick-

ness of stroma and SUV (standard uptake values) of PET-CT, we

then formed a hypothesis that rich stroma in metastasis niche

could lead to relatively poor prognosis (Figure S1b, S1c). RNA scope

and H&E staining were performed to identify the main compo-

nent involved in niche-surrounding stroma was α-smooth muscle

actin ( α-SMA) positive CAFs, which might provide the support and

nutrition in tumor microenvironment ( Fig. 1 c and d). Given that

stroma of GC liver metastasis was mainly composed of CAFs, we

found it necessary to evaluate the prognosis by scoring IHC α-

SMA staining in liver metastasis of 69 patients. The survival anal-

ysis showed that the aggregation and activation of α-SMA 

pos CAFs

predicted poor prognosis which is consistent with our postulation

( Fig. 1 e). We proceeded to establish a mouse model via intrasplenic

injection of mouse-derived GC tumor cell line MFC which shares

the same pathway in spontaneous GC liver metastasis. Interest-

ingly, the IHC-P staining on metastatic niche formed in mouse liv-

ers also demonstrated that α-SMA 

pos CAFs was predominated as

well as those in human tissue ( Fig. 1 f). 

3.2. CAFs-derived LOX performs dual upregulations with 

tumor-secreted TGF- β1 in metastatic niche 

Having unveiled the importance of α-SMA 

pos CAFs in GC liver

metastasis, we then performed transcription analysis on 6 α-SMA

positive liver metastasis of GC patients together with their respec-

tive paired adjacent normal livers and primary GC tumors (Fig-

ure S2a, S2b). To identify the true candidate proteins which were

secreted by the activated fibroblasts, we also take advantages of

GEO datasets. We have visited GSE13747 (bile duct ligation rat

model), GSE73985 (CCl 4 induced mouse model), GSE34 94 9 (mouse

activated HSC), and GSE68001 (human activated HSC) generated

from our previous studies. We then neglected upregulated genes

in stroma rich liver metastasis and removed ones which were up-

regulated in comparison with primary tumor to abolish the metas-

tasized tumor cell secretion ( Fig. 1 g). Then we found the only

upregulated protein, LOX, through intersecting these five datasets

( Fig. 1 h, Figure S2b-S2g). To confirm, we have run GSEA (Gene Set

Enrichment Analysis) according to LOX expression in our transcrip-

tion analysis. And we found that LOX was closely related to ECM

receptor interaction and cell cycle in stroma rich liver metastasis

of GC (Figure S2h, S2i). 

To further confirm, we also utilized IHC staining to consolidate

the phenomena that expression of LOX was in accordance with

the density of α-SMA 

pos CAFs ( Fig. 2 a). Immunofluorescence (IF) on

liver metastasis of GC also displayed the co-location of LOX and α-

SMA, indicating that the source of secreted LOX in liver metastatic

niche was α-SMA 

pos CAFs ( Fig. 2 b). Previous studies have reported

that activated fibroblasts of liver fibrosis facilitated the metastatic

niche implantation and outgrowth, while one of the most impor-

tant molecules involved in this progress was TGF- β1 which could

switch the quiescent HSCs into activated ones and nourish them.

Furthermore, survival curves on KM plotter have showed that high

expression of TGF- β1 was closely correlated with poor prognosis

not only in primary GC patients, but also in phase IV patients bear-

ing distant metastasis (Figure S3a, S3b). Hence, we wondered if

TGF- β1 had played vital roles in CAFs-rich niche. IHC staining on

serial sections have validated that TGF- β1 was secreted by LOX 

pos 

CAFs surrounded metastatic niches ( Fig. 2 c). And IF staining further

consolidated that TGF- β1 was derived from tumor cells and LOX

mainly distributed at narrow space among niches ( Fig. 2 d). Result

of RNA scope towards LOX and TGF- β1 have elucidated the source
f LOX was α-SMA 

pos CAFs and the sources of these two proteins

ere different ( Fig. 2 e). We also used 69 cases of liver metasta-

is to study the proteins upregulation situations, and IHC stain-

ng on which have certified the co-expression of LOX and α-SMA

 Fig. 2 f). We then evaluated the expressions of LOX and TGF- β1 in

9 cases liver metastasis by scoring of which (Figure S3c-S3d). Sur-

ival analysis based on IHC staining scores on 69 case liver metas-

ases of GC also showed that high expression of either LOX or TGF-

1 led to poor prognosis ( Fig. 2 g and h). Additionally, the upreg-

lated expressions of LOX and TGF- β1 were certified as positive

orrelated in liver metastasis ( Fig. 2 i). Furthermore, survival anal-

ses via KM plotter on LOX family (LOX and LOXL1-LOXL4) have

evealed the important roles of these proteins in GC (Figure S3e-

3i). 

Taken together, CAFs-derived LOX and tumor cells-derived TGF-

1 displayed a dual high expression manner in GC liver metastasis

nd predicted poor prognosis. 

.3. TGF- β1 stimulates CAFs to secrete LOX 

We next used the intrasplenic injection model to study the re-

ationship between LOX and TGF- β1. In this model, the injected

umor cells could metastasized to liver through portal vein to stim-

late the liver metastasis progress of some gastrointestinal cancers

ncluding GC, colorectal cancer (CC) or pancreatic ductal adeno-

arcinoma (PDAC) [ 6 , 16 , 18–20 ]. Firstly, we confirmed the phenom-

na that producing of LOX by CAFs in liver could also be observed

n our mouse model ( Fig. 3 a). Then CCl 4 mouse models followed

y intrasplenic injection were performed. The results have demon-

trated that knockdown of Tgfb1 in MFC cells significantly reduced

he secretion of LOX by CAFs in liver metastatic niche of mouse

odel via IF staining or real time PCR ( Fig. 3 b). And Tgfb1 knock-

own also increased the survival situation of these mouse models

 Fig. 3 c). For more precise and intuitive observation of metastatic

iche formation, we utilized CT-combined 3D organ reconstruc-

ion bioluminescence imaging which could detect tiny metastatic

iches and locate them to liver area. Results have illustrated that

he knockdown of Tgfb1, but not Tgfb2 or Tgfb3 significantly ham-

ered the niche formation and outgrowth of MFC cell lines in CCl 4 
dministrated mouse model ( Fig. 3 d and e, Figure S4a). Subsequent

taining of Ki67 further consolidated the proliferation inhibitory ef-

ect brought by TGF- β1 knockdown in mouse livers ( Fig. 3 f). To de-

ermine whether TGF- β1 could exert direct stimulation on CAFs to

roduce LOX, we cultured CAFs without LOX secretion separated

rom liver metastasis of GC patients. The treatment of TGF- β1 in-

reased the production of LOX as expected ( Fig. 3 h). And simi-

ar phenomena could also be observed using CAFs derived from

ouse models (Figure S4b). We also demonstrated that human GC

iver metastasis derived NCI-N87 cell line condition medium (CM)

ontaining TGF- β1 could induce the LOX secretion, and ablation of

hich via immunoprecipitation successfully attenuated production

f LOX in human CAFs ( Fig. 3 i). 

.4. LOX facilitates tumor cell proliferation and outgrowth 

To decipher the roles of CAFs-derived LOX in vivo , we first mea-

ured the liver metastasis formation ability in the intrasplenic in-

ection model. CAFs derived from mice with or without LOX se-

retion were mixed with MFC cells before modeling ( Fig. 4 a). Re-

ults have shown that the niche formations at metastasis site of

iver were much more severe in LOX 

pos CAFs with MFC cells group

han those in LOX 

neg CAFs contained group or MFC alone ( Fig. 4 b

nd c). IF staining on Ki67 in liver metastatic niche also confirmed

hat LOX promoted the tumor cell proliferation ability ( Fig. 4 d

nd e). Moreover, we have discovered that though both kinds of
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Fig. 2. CAFs derived LOX predicts poor prognosis and correlates with tumor cell derived TGF- β1. ( a ) Representative IHC-P staining of α-SMA or LOX livers of patients 

bearing liver metastasis of GC patients ( n = 69 samples, 3 fields assessed per sample). Scale bars, 100 μm. ( b ) Representative IF showing the location of α-SMA and LOX 

in liver metastasis of GC patients. LOX, green; α-SMA, red; DAPI, blue ( n = 69 samples, 3 fields assessed per sample). Scale bars, 100 μm. ( c ) Representative IHC-P staining 

of TGF β−1 or LOX in livers of patients bearing liver metastasis of GC patients showing the locations of these two proteins in adjacent liver (AL), invasive margin (IM) or 

liver metastasis (LM) ( n = 69 samples, 3 fields assessed per sample). Scale bars, 100 μm. Scale bars, 100 μm. ( d ) Representative IF showing the location of TGF β1 and LOX in 

liver metastasis of GC patients. LOX, green; α-SMA, red; DAPI, blue ( n = 69 samples, 3 fields assessed per sample). Scale bars, 100 μm. ( e ) Representative fields of RNA scope 

displaying the location of mRNA of LOX, TGF- β1 or α-SMA on metastatic liver of GC patients. Scale bars, 50 μm. M). ( f ) Heat map displaying consistency of α-SMA and LOX 

expression at liver metastasis ( n = 69). Chi-square test. ( g-h ) Kaplan–Meier analyses of the prognostic value of LOX ( g ) or TGF- β1 ( h ) based on IHC-P staining scores on 69 

liver metastasis tissues of GC patients. ( i ) Heat map displaying consistency of TGF- β1 and LOX expression at liver metastasis ( n = 69). Chi-square test. 
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Fig. 3. Tumor cell derived TGF- β1 stimulates CAFs to produce LOX. ( a ) Representative IHC-P staining of CK19, α-SMA or LOX on liver serial sections of mice bearing 

intrasplenic injection of MFC cells ( n = 10 samples, 3 fields assessed per sample). ( b ) Representative IF staining or real time PCR on livers of mice experienced CCl 4 adminis- 

tration followed by intrasplenic injection of MFC cells of shCTRL or sh Tgfb1 measuring the expression and location of α-SMA or LOX. Sham: the intrasplenic injection of PBS 

was performed. LOX, green; α-SMA, red; DAPI, blue ( n = 6 mice per group, n = 3 repeats per test, 3 fields assessed per sample, mean ±s .e.m.; two tailed unpaired t -test). ( c ) 

Kaplan–Meier analyses of the prognostic value showing the survival situations of mice modeled by MFC cells. ( d and e ) Representative CT combined 3D organ reconstruc- 

tion bioluminescence imaging assessing liver metastasis of MFC of shCTRL or sh Tgfb1 intrasplenically injected mice with or without CCl 4 treatment ( n = 5 mice per group, 

mean ± s.e.m.; Mann-Whitney U test). Scale color bar, 2.0 0 ×10 5 –2.0 0 ×10 6 . ∗∗∗ , P < 0.001. Red, reconstructed liver; orange, reconstructed spleen; green, signals of tumor cells. 

( f–g ) Representative metastatic mouse livers and Ki67 staining on which of MFC of shCTRL or sh Tgfb1 intrasplenically injected mice with or without CCl 4 treatment. (3 fields 

assessed per section, mean ±s .e.m., Mann-Whitney U test). ∗∗∗ , P < 0.001. ( h ) Representative IF staining of α-SMA or LOX on human liver metastasis derived CAFs incubated 

with or without TGF- β1. LOX, green; α-SMA, red; DAPI, blue. (3 fields assessed per section). ( i ) Shown is WB displaying LOX expression in human liver metastasis derived 

CAFs treated with vehicle (CTRL), TGF- β1, TGF- β1 contained N87 cell line derived conditional medium (CM) or CM treated with TGF- β1 antibody. 
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Fig. 4. LOX promotes tumor cells growth and proliferation 

(a) Shown is brief procedure of animal experiment involving intrasplenic injection of MFC tumor cells mixed with LOX positive or negative CAFs. (b and c) Representative 

CT combined 3D organ reconstruction bioluminescence imaging assessing liver metastasis modeled by intrasplenic injection of MFC tumor cells mixed with LOX positive or 

negative CAFs. ( n = 5 mice per group, mean ±s .e.m.; Mann-Whitney U test). Scale color bar, 2.0 0 ×10 5 –2.0 0 ×10 6 . ∗∗∗ , P < 0.001. Red, reconstructed liver; orange, reconstructed 

spleen; green, signals of tumor cells. ( d and e ) Representative metastatic mouse livers and Ki67 staining on which of MFC tumor cells mixed with LOX positive or negative 

CAFs (3 fields assessed per section, mean ±s .e.m., Mann-Whitney U test). ∗∗∗ , P < 0.001. ( f ) Kaplan–Meier analyses of the prognostic value showing the survival situations of 

mice modeled by MFC cells. ( g and h ) Cell viability of HGC-27 cell line ( g ) and NCI-N87 cell line ( h ) exposed with rLOX or rLOX mut ( n = 5 repeats per group, mean ± s.e.m. 

Repeat measures ANOVA). ∗∗∗ , P < 0.001. ( i ) Cell viability of NCI-N87 cell line cultured with human liver metastasis derived CAFs conditional medium experienced LOX 

ablation by IP and rescue. ( n = 5 repeats per group, mean ± s.e.m. Repeat measures ANOVA). ( j and k ) Cell viability of HGC-27 cell line ( j ) or NCI-N87 ( k ) exposed with rLOX 

or rLOX mut ( n = 5 repeats per group, mean ± s.e.m. Repeat measures ANOVA). ∗∗∗ , P < 0.001. 
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CAFs could get access to facilitate the metastatic niche formation

and outgrowth, the presence of LOX has displayed stronger effect

through survival analysis of mouse model ( Fig. 4 f). Then we further

assess these effects in vitro . LOX bearing a catalytically inactive

mutant (K320A) designated as LOX 

mut was used as a negative con-

trol [ 27 ]. CCK-8 assay has shown that LOX could exert significant

cell proliferation advantage on both two cell lines ( Fig. 4 g and h).

We also used human liver metastasis CAFs derived CM to incubate

NCI-N87 cell line with or without LOX ablation via immunoprecip-

itation and obtained the same results as before ( Fig. 4 i). Since pre-

vious reports have unveiled the metabolism characters of LOX and

pointed out that LOX was associated with cell survival against the

environmental pressure, we next investigated whether LOX could

function to enhance the cell survival in serum-free medium. The

results demonstrated that it was LOX, but not LOX 

mut could rescue

and attenuate apoptosis induced by serum withdraw ( Fig. 4 j and

k). 

Collectively, these findings indicated that CAFs-derived LOX

could enhance the proliferation and outgrowth of tumor cells in

liver metastatic niche. 

3.5. LOX promotes GC tumor cell proliferation via enhancing 

AKT-p70S6K- HIF1- α pathway mediated Warburg effect 

We next try to elucidate the underlying mechanism by which

LOX increased the ability of tumor cells to proliferate and survive.

To measure the alterations of HIF1- α and c-Myc which played cru-

cial roles in cell survival via modulating glycolytic enzymes, we

performed Western blotting or real-time PCR to examine the ex-

pression of which under LOX stimulation. Results have shown the

upregulations of these two vital molecules in the presence of LOX

( Fig. 5 a–c). We next postulated if LOX could modulate Warburg ef-

fect according to the previous reports and the function of which

is to upregulate HIF1- α and c-Myc. Data have indicated that LOX

could enhance the relative glucose uptake and increase the ex-

tracellular lactate concentration of GC cell lines ( Fig. 5 d and e).

Consistently, the mRNA levels of most metabolic enzymes involved

in glycolysis have shown remarkable elevation after LOX admin-

istration ( Fig. 5 f and g). The reprogrammed glucose metabolism

was also measured by extracellular acid rate (ECAR) and enhanced

glycolytic capability could be observed after LOX treatment, sug-

gesting that LOX could induce Warburg effect through altering the

rate of glycolysis ( Fig. 5 h and i). These tests therefore have indi-

cated the importance of LOX in Warburg effect taking place in liver

metastasis of GC. 

To determine the actual pathway that was activated by LOX,

we next examined the AKT- p70S6K pathway as it is critical for

Warburg effect and several core molecules including HIF1- α have

been found to be its target genes. As expected, phosphorylation of

AKT at two common phosphorylation sites (T308 and S473) were

detected and their substrate PRAS40 was also found to be phos-

phorylated. Meanwhile, we also observed the activation of p70S6K,

in accordance with the phosphorylation of its interacting protein

PRAS40 ( Fig. 5 j and k). Further studies have explained that the

activation of cyclin D1 pathway was than triggered as the down-

stream of AKT phosphorylation ( Fig. 5 l and m). Taken together,

these results have elucidated that LOX principally mediated glycol-

ysis of glucose known as Warburg effect through the AKT/p70S6K

pathway thus affecting the downstream cyclin D1 pathway. 

3.6. Inhibition of LOX by BAPN hampered outgrowth of GC liver 

metastasis 

We then managed to examine whether the inhibitor of LOX,

BAPN could hampered the tumor cell growth advantage [ 28 , 29 ].
esults have demonstrated that BPAN effectively reversed LOX me-

iated promotion effects on cell proliferation ( Fig. 6 a and b). En-

anced Warburg effect induced by LOX could also be abolished by

he administration of BAPN ( Fig. 6 c and d). To further certify, we

lso measured the therapeutic effects in vivo . Liver metastasis of

ouse models bearing intrasplenic injection of MFC cell lines ac-

ompanied by LOX 

pos or LOX 

neg CAFs have shrunk after BAPN ad-

inistration ( Fig. 6 e and f). To observe the inhibition effect brought

y BAPN more precisely, we designed the living tissue culturing

Figure S5a). After determination of LOX expression, we sliced the

etastatic livers of mouse models into two piece and exposing

hem in medium with or without LOX or BAPN, respectively. Ki67

taining were then performed to see whether BAPN could de-

rease the LOX-induced proliferation activity of tumor cells resid-

ng in liver metastasis niche ( Fig. 6 g and h). Meanwhile, hepati-

ally metastatic tumors resected from 3 patients: CAFs deficit tu-

or, LOX 

pos or LOX 

neg CAFs-contained tumors were studied using

DX model (Figure S5B). BAPN markedly reduced the tumor bur-

en of LOX 

pos CAFs-contained tumors without significant toxicity

 Fig. 6 i and j). Further analysis further demonstrated that BAPN

lso decreased tumor cell proliferation and induced cell apoptosis

n LOX 

pos CAFs-contained PDX tissues ( Fig. 6 k). Given that CAFs-

erived LOX could nourish the adjacent tumor cells, and these tu-

or cells would also support CAFs with TGF- β1 in liver metastasis,

e concluded that BAPN could be used as a potential therapeu-

ic drug targeting the GC liver metastasis via hampering the LOX-

ediated positive feedback. 

. Discussion 

Previous studies have emphasized the importance of stroma-

umor cell interacting area in metastasis of tumor, where is abun-

ant in numerous kinds of chemokines, ECM and other secreted

roteins such as neurotransmitters derived from aberrantly aggre-

ated immune cells, CAFs, nerve cells or tumor cells(13, 16, 30).

ccording to “seed and soil” theory, large amount GC tumor cells

isseminated in circulation while only liver metastasis occurred

ost frequently, there might be suitable “soil” existing in liver

31] . In this study, we began from analyzing PET-CT images of GC

atients with liver metastasis and established a positive correla-

ion between SUV and stroma thickness. The first problem con-

used us was the source of stroma and how metastatic niche out-

rowth in a CAFs-predominated stroma [30] . Previous studies have

iscussed the source of CAFs and several different opinions ex-

sted. Among them, there were studies indicating that HSCs were

he main cellular source of CAFs in liver which performed upreg-

lated α-SMA expression once activated by tumor cells [32–34] .

dditionally, neighboring tumor cells played vital role in this acti-

ation and transformation [35] . We hypothesized that tumor cells

nd quiescent HSCs have experienced a period during which mu-

ual transformation took place. The result of this progress was that

wo kinds of cells adapted to each other via altering their own ex-

ression profiles to form some subsets and there must be some

ey molecules acting as the messengers. We then investigated var-

ous kinds of HSCs activated through different methods to find the

ey molecule. This kind of molecule may fulfill several require-

ents: firstly, it will promote the metastatic niche outgrowth to

orm proper microenvironment; secondly, it can stimulate tumor

ells which can in turn activate CAFs for proliferation; thirdly, it

ill be a secreted protein which could distribute among the niches

 16 , 36 , 37 ]. 

LOX as a secreted protein which can involve in different physio-

ogical processes [38–42] . Previous studies have demonstrated the

ital role of LOX in metastasis of various of cancers which involved

n epithelial mesenchymal transition (EMT) and premetastatic
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Fig. 5. LOX facilitates Warburg Effect via activating AKT-p70S6K pathway cross-talk. (a) Shown is the alteration of HIF1- α and c-Myc expression stimulated by rLOX admin- 

istration in HGC-27 and NCI-N87 cell lines. (b-c) Shown is the mRNA level of HIF1- α ( b ) and c-Myc ( c ) in GC cell lines after treatment of LOX. ( n = 3 repeats, mean ±s .e.m.; 

Mann-Whitney U test). ns, no significant difference, ∗∗ , P < 0.01. ∗∗∗ , P < 0.001. ( d and e ) Relative glucose consumption ( d ) or lactate production ( e ) in GC cell lines measured 

in the presence or absence of rLOX or rLOX mut stimulation. ( n = 3 repeats, mean ±s .e.m., Mann-Whitney U test). ns, no significant difference, ∗∗∗ , P < 0.001. ( f and g ) Relative 

mRNA levels of glycolytic genes measured in the presence of rLOX or rLOX mut stimulation. ( n = 3 repeats, mean ±s .e.m., Mann-Whitney U test). ∗ , P < 0.05, ∗∗ , P < 0.01, ∗∗∗ , 

P < 0.001. ( h and i ) Shown is relative ECARs of HGC-27 cell line ( n = 3 repeats per group, mean ± s.e.m.). ( h ) and NCI-N87 cell line ( i ) in the presence of in the presence of 

rLOX or rLOX mut stimulation. ( j and k ) Several key pathway molecules measured by WB in HGC-27 cell line ( j ) and NCI-N87 cell line ( k ) after treatment of CAFs CM with or 

without LOX. ( l and m ) Shown is the key molecules involved in CyclinD1 pathway measured by WB in HGC-27 cell line ( l ) and NCI-N87 cell line ( m ) stimulated by rLOX or 

rLOX mut treatment. 
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Fig. 6. BAPN inhibits LOX mediated liver metastasis of GC. ( a-b ) Cell viability of HGC-27 cell line ( a ) and NCI-N87 cell line ( b ) incubated with rLOX in the presence or absence 

of BAPN. ( n = 5 repeats per group, mean ± s.e.m. Repeat measures ANOVA). ∗∗∗ , P < 0.001. ( c and d ) Relative ECARs of HGC-27 cell line ( c ) and NCI-N87 cell line ( d ) incubated 

with rLOX in the presence or absence of BAPN ( n = 3 repeats per group, mean ± s.e.m.). ( e and f ) Representative CT combined 3D organ reconstruction bioluminescence 

imaging assessing liver metastasis modeled by intrasplenic injection of MFC tumor cells mixed with LOX positive or negative CAFs followed by administration of BAPN. 

( n = 5 mice per group, mean ± s.e.m.; Mann-Whitney U test). Scale color bar, 2.00 × 10 5 –2.00 × 10 6 . ns, no significant difference ∗∗ , P < 0.01. Red, reconstructed liver; orange, 

reconstructed spleen; green, signals of tumor cells. ( g and h ) Short-term culture of fresh separated liver metastasis from MFC intrasplenic injection mouse model treated with 

rLOX contained CM in presence or absence of BAPN before Ki67 staining. Ki67, red; DAPI, blue. ( n = 5 per group, 3 fields assessed per section; mean ± s.e.m., Mann-Whitney 

U test). ∗∗∗ , P < 0.001 ( i and j ) Patients derived xenograft (PDX) model derived from metastasis of GC patients showing the CAFs derived LOX regulated sensitivity toward 

BAPN (B) or Vehicle (V) ( n = 3 patients, 5 mice per group, mean ±s .e.m.; Mann-Whitney U test). ∗∗∗ , P < 0.001. ( k ) Representative IF staining of Ki67 and TUNEL performed 

on PDX tumors ( n = 3 patients, n = 5 mice per group; 3 repeats performed per tissue, 3 fields assessed per sample). Red, Ki67; green dots, TUNEL assay; DAPI, blue. Scale 

bar: 100 μm. ∗∗ , P < 0.01. ( l ) Model depicting the possible mechanism through mutual benefit of CAFs and tumor cells mediated by LOX-TGF- β1. 
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iche formation [43–46] . LOX could function through EMT re-

ated key molecules including SNAI2 and Twist and closely related

ith hypoxia microenvironment [ 43 , 44 ]. Here we have revealed

hat LOX-TGF- β1 acted as a bridge communicating the CAFs and

umor cells for metastasized tumor cells implantation and out-

rowth. At first, disseminated tumor cells with TGF- β1 expres-

ion implanted in liver and the secretion of which evokes the

uiescent HSCs. Activated HSCs will produce LOX to enhance the

utgrowth capability for niche expansion, the results of which

s the formation of a macro metastasis surrounded with a thick

troma ( Fig. 6 l). In some cases, there were still a few tumor

ells with dually upregulated LOX and TGF- β1, which could also

ain the proliferation advantage in accordance with our hypoth-

sis, while predominant tumor cells in metastatic niche were of-

en recognized as only TGF- β1 overexpression. To reproduce this

rogress in animal models, we chose the intrasplenic model which

ould stimulate the spontaneous metastasis “pathway” through

ortal veins of liver [ 6 , 18–20 , 47 ]. The liver metastatic niche for-

ation in this model is usually much more rapidly than spon-

aneous ones and CAFs could not be very stably observed in ev-

ry mouse, so we utilized CCl 4 to activate HSCs. And this charac-

er of the model has produced the results of CAFs-contained in-

ection more solid for eliminating interference factors brought by

ative CAFs. The observation of the models was fulfilled by CT-

ombined 3D organ reconstruction bioluminescence imaging which

ade it possible for detecting and localizing tiny metastatic niches.

aken together, we have demonstrated that the dual adaption to

ach other of CAFs and tumor cells finally achieved the macro

etastasis. 

On the other side, metastatic niches trapped in alien microen-

ironment face tough survival challenges and are in urgent need of

nough and rapid energy supplement and biosynthetic precursors

 4 8 , 4 9 ]. The studies on functions of LOX were mainly focused

n cell stress. Recent studies have demonstrated that LOX was

ften produced in hypoxia situation, regulated by HIF-1 or SRC

 21 , 32 , 45 , 50–52 ]. These results have inspired us that LOX might

ake part in Warburg Effect, the special function of tumor cells

gainst harsh TME. As aerobic glycolysis is recognized as the most

referred choice for tumor cells rather than oxidative phosphoryla-

ion even abundant oxygen exists (Warburg effect), we postulated

hat LOX will exert effects on this progress since the clinical

ata of PET-CT have indicated that thick stroma lead to high SUV

25] . Both measurement of glucose uptake and lactate production

nd evaluation of ECAR fully confirmed our predictions. Moreover,

ncogenic signaling including AKT- p70S6K pathways and activated

ncogenes have been reported to be the main cause of Warburg

ffect. And HIF-1 α or c-Myc, the two core molecules against cell

tress also displayed elevated expressions in LOX-treated tumor

ells, we finally affirmed the pathway through which LOX induces

arburg effect [ 53 , 54 ]. As Warburg effect-mediated metabolic sig-

aling is of great complexity and the formation of which involves

any elaborated gene regulators, it is hard to design strategy

argeting a specific pathway or even a single molecule. BAPN,

he inhibitor of LOX, exhibited an effective repressive function on

OX-mediated tumor growth enhancement both in vivo or in vitro .

t has been demonstrated that dampening the positive feedback of

AFs and tumor cells via targeting LOX was a feasible and promis-

ng strategy. We have also established the PDX model derived

rom liver metastasis of GC patients, which further confirmed our

esults. 

Collectively, both experimental and clinical data have demon-

trated that LOX is a promising therapeutic target for patients bear-

ng liver metastasis of GC, targeting which could interfere the for-

ation of feedback between tumor cells and CAFs in TME, thus

ight achieve the better prognosis. 
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vidence before this study 

There are accumulated evidences emphasizing the importance

f lysyl oxidase (LOX) in proliferation and metastasis of several

inds of cancers. Cancer associated fibroblasts (CAFs) can support

nd promote the growth of metastasized tumor cells. The relation-

hips between LOX and CAFs in liver metastasis of gastric cancer

GC) remain unknown. 

dded value of this study 

This study demonstrated that CAFs secreted LOX to support out-

rowth of tumor cells in liver metastatic niche of GC, while the tu-

or cells derived TGF- β1 also activated and nourished CAFs. The

o-adaption of CAFs and tumor cells contributed to liver metasta-

is niche outgrowth. Moreover, the mechanism through which LOX

acilitated tumor growth was enhancing Warburg Effect. Adminis-

ration of LOX inhibitor β-aminopropionitrile (BAPN) could hamper

he growth of liver metastatic niche in mouse models. 

mplications of all the available evidence 

Our research has revealed the role of TGF- β1-LOX axis played

n liver metastasis of GC and unveiled the underlying mechanisms.

OX might be provided as a promising therapeutic target for GC

ith liver metastasis. 
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