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ADAMTS18-fibronectin interaction regulates
the morphology of liver
sinusoidal endothelial cells

Liya Wang,1,3 Li He,1,3 Weijia Yi,1 Min Wang,1 Fangmin Xu,1 Hanlin Liu,1 Jiahui Nie,1 Yi-Hsuan Pan,1

Suying Dang,2,* and Wei Zhang1,4,*
SUMMARY

Liver sinusoidal endothelial cells (LSECs) have a unique morphological structure known as ‘‘fenestra’’ that
plays a crucial role in liver substance exchange and homeostasis maintenance. In this study, we demon-
strate that ADAMTS18 protease is primarily secreted by fetal liver endothelial cells. ADAMTS18 defi-
ciency leads to enlarged fenestrae and increased porosity of LSECs, microthrombus formation in liver ves-
sels, and an imbalance of liver oxidative stress. These defects worsen carbon tetrachloride (CCl4)-induced
liver fibrosis and diethylnitrosamine (DEN)/high-fat-induced hepatocellular carcinoma (HCC) in adult
Adamts18-deficientmice.Mechanically, ADAMTS18 functions as amodifier of fibronectin (FN) to regulate
the morphological acquisition of LSECs via the vascular endothelial growth factor A (VEGFA) signaling
pathways. Collectively, a mechanism is proposed for LSEC morphogenesis and liver homeostasis mainte-
nance via ADAMTS18-FN-VEGFA niches.

INTRODUCTION

Liver sinusoidal endothelial cells (LSECs) are themost permeable endothelial cells in mammals, lack basementmembrane, and have a unique

structure called ‘‘fenestra.’’1–3 This specialized structure of LSECs acts as a dynamic filter, allowing the passage of substances such as plasma

proteins, lipoproteins, drugs, and small chylomicron remnants while blood cells are retainedwithin the sinusoids.3,4 Thus, LSECs are themajor

cell type that regulate bidirectional substance transfer, protein endocytosis, immune tolerance, and sinusoidal microenvironment.3,5–7 Recent

studies have provided evidence that fenestra morphology (including diameter, porosity, and frequency) is regulated by a variety of patho-

physiological conditions, such as drug metabolism, hormones, immune regulation, aging, nutritional regulation (e.g., overeating and starva-

tion), and fibrosis.8–10

From an embryological perspective, LSECs originate partly from the common progenitors of endothelial and blood cells, and partly from

the endocardium of venous sinus.11,12 The development of LSECs commonly goes through three stages.13,14 The earliest LSECs are lined with

laminin-rich basement membrane, which present continuous endothelium. Then, LSECs begin to differentiate and become fenestrated; the

sinusoidal matrix becomes deficient in laminin but rich in tenascin and fibronectin (FN). This differentiation process occurs around the 12th

week of human gestation, and around the embryonic days (E) 14–15 of mouse embryos.15 In this phase, formation of endothelial fenestrae is

highly dependent on vascular endothelial growth factor (VEGF) signaling.16 At birth, the size and distribution of LSECs are regionally specific,

and the diameter of LSECs in portal vein region is larger than that in central region.2,16 Extracellular matrix (ECM) components have been

found to have a powerful effect on maintaining or altering the phenotype of LSECs.17–19 However, the key factors linking ECM remodeling

to LSEC morphogenesis are unknown. Addressing this question can lead to a better understanding of liver homeostasis.

ADAMTSs (a disintegrin and metalloproteinase with thrombospondin [TSP] motifs) are a family of secreted metalloproteinases with 19

members currently found in humans.20 Through assembly and degradation of ECM molecules, such as aggrecan and proteoglycan

(ADAMTS1, 4, 5, 8, 9, 15, and 20), procollagen (ADAMTS2, 3 and 14), cartilage oligomeric matrix protein (COMP) (ADAMTS7 and 12), and

von Willebrand factor (vWF) (ADAMTS13), they are crucially involved in organ development and the onset and progression of many dis-

eases.20–23 In zebrafish and mouse models, we found that ADAMTS18 is essential for organ development and morphogenesis,24 including

several epithelial organs (e.g., lungs,25 salivary glands,26 and lacrimal glands27), vascular28 and neuronal systems,29 adipose tissue,30 and

reproductive tracts.31,32 ADAMTS18 is one of the few ADAMTS family members specifically expressed in the human fetal liver.33 However,

its role in liver development is unknown. Here, we show that ADAMTS18-FN-VEGFA niche is required for the morphological acquisition of

LSECs.
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Figure 1. Spatiotemporal expression of Adamts18 mRNA during mouse liver development

(A) ISH of wild-type embryos and liver tissues for Adamts18. ISH-positive signals are shown as pink dots in cells (red arrows). Scale bar, 100 mm.

(B) Uniform manifold approximation and projection (UMAP) visualization of Adamts18 expression in cells from embryonic (E)11.5-E14.5 fetal liver.

(C) Violin plot of Adamts18 expression levels in different cells (stromal cell, megakaryocytes, and endothelial cell). y axis indicates log-normalized expression.

(D) Real-time qPCR for Adamts18 expression. Data are expressed as mean G SD (n = 3/time point).

(E) Schematic representation of Adamts18mRNA expression levels at different stages of liver development in mice. Specifically, hepatoblasts originate from the

gastrula endoderm and form liver buds at E8.5-E10. At E12, the liver bud is infiltrated by the vitelline vein, umbilical vein, and sinus venosus. Then the endothelium

differentiates into the portal vein and the sinusoids. At E14–E15, LSECs become fenestrated to accommodate the hematopoietic function of the fetal liver

through structural differentiation.15 At E18, central vein formation, functional differentiation allows LSECs to adapt to the mature liver function and

microenvironment.15
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RESULTS

Spatiotemporal expression of Adamts18 in mouse livers

To better understand the role of ADAMTS18 in liver development, the spatial and temporal expression of Adamts18 mRNA in mouse liver

tissues was assessed. In situ hybridization (ISH) results of E9.5 embryo whole slice showed that Adamts18 mRNA was expressed in egg

yolk and umbilical cord vessels (Figure 1A). At E11.5, Adamts18 mRNA was mainly expressed by hepatic progenitor cells and distributed

in the outer edge of liver bud. At E13.5,Adamts18mRNAwas detected in endothelial cells of the developing liver vessels but declined rapidly

at 2 weeks after birth. Using the established E11.5–E14.5 mouse fetal liver single-cell resolution cell atlas,34 we reanalyzed the spatiotemporal

expression profile of Adamts18 via a data interactive website (http://liulab.ioz.ac.cn/fetal_liver/). The result showed that Adamts18 was ex-

pressed in the mouse fetal liver by endothelial cells, megakaryocytes, and stromal cells (Figures 1B and 1C). The quantitative real-time

PCR (real-time qPCR) data showed that Adamts18 mRNA was mainly expressed in the embryonic stage (E13.5–16.5), and its expression

was very low after 5 weeks of birth (Figure 1D). We summarized the overall trend of Adamts18 mRNA in the liver15 and proposed that

ADAMTS18 may be associated with early vascular development in the liver (Figure 1E).
Liver development in Adamts18�/� mice

We then examined the effects of ADAMTS18 deficiency on liver development in mice. Autopsy of adult mice showed that Adamts18�/� livers

had a sharper left lateral lobe margin and deeper intermediate lobe fissure and became wider laterally and shorter longitudinally than

Adamts18+/+ livers (Figure 2A). There was no significant difference in the ratio of liver weight to body weight between Adamts18+/+ and

Adamts18�/� mice (Figure 2B). At E16.5, developing monocytes with horseshoe-shaped nuclei were observed in Adamts18�/� livers (Fig-

ure 2C). At 2 weeks of age, the Adamts18�/� livers showed a significant increase in the number of Kupffer cell clumps, which were further

identified by the antibody to the macrophage marker F4/80 in immunohistochemical analysis (Figures 2C, 2D, and S1A). At 2 and 9 months

of age, liver histology in the liver sections stained with hematoxylin and eosin (H&E) between Adamts18+/+ and Adamts18�/� mice was com-

parable (Figure 2C). The lobular zonation pattern of hepatocytes was comparable between the two genotypes of mice and similar to that of
2 iScience 27, 110273, July 19, 2024
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Figure 2. Effects of ADAMTS18 deficiency on liver development in mice

(A) Representative images of liver in 8-week-old adult mice. The upper parts are the dorsal and ventral views. The lower parts show the liver lobes of dorsal view.

LLL, left lateral lobe; ML, middle lobe; CL, caudate lobe; RUL, right upper lobe; RLL, right lower lobe. Red arrows point out the edge of the left lateral lobe, blue

arrows indicate cracks in the middle lobe. Scale bar, 5 mm.

(B) Ratio of liver weight to body weight at 3 and 6 weeks (W) of age. Data are represented as mean G SD (n = 9�11/time point).

(C) Hematoxylin and eosin (H&E)-stained of mouse liver sections (n = 3/time point). Blue arrows indicate monocytes. Red arrows indicate aggregated Kupffer

cells. PV, portal vein; CV, central vein. Scale bar, 100 mm.

(D) Quantification of aggregated Kupffer cell clumps from liver tissues of 2-week-old mice in panel C. Data are represented as mean G SD (n = 3).

(E) Vascular casting of the portal vein in the left lateral lobe of 8-week-oldmice. Blue, green, yellow, and whitemarks primary, secondary, tertiary and fourth vessel,

respectively. Scale bar, 5 mm.

(F) Quantification of different vascular branches and branching points in panel E by ImageJ. Data are represented as mean G SD (n R 10). Each dot or square

represents one individual. Ns, no significance; *p < 0.05; two-tailed Student’s t test. See also Figure S1.

ll
OPEN ACCESS

iScience
Article
previous report,35 whichwas evaluated by the distribution of a zonationmarker E-cadherin in 2-month-oldmice by immunofluorescence stain-

ing (Figure S1B). The branching of liver macrovasculature (Figures 2E and 2F) and bile duct epithelial cells (Figure S1C) were comparable be-

tween the two genotypes of mice. Basic liver function parameters, including alanine aminotransferase (ALT), aspartate aminotransferase

(AST), and albumin (ALB) were comparable between the two genotypes (Figure S1D).
iScience 27, 110273, July 19, 2024 3



Figure 3. Enlarged LSEC fenestrae in Adamts18-/- mice

(A) TEM of LSEC morphology in 2-week-old Adamts18+/+ and Adamts18�/� mice. Green arrows indicate fenestrae. Red square marks lymphocytes infiltration.

Yellow arrows indicate vacuolization of hepatocytes. Hep, hepatocyte; L(Sinusoid), lumen of the sinusoid; Lym, lymphocyte. Scale bar, 1 mm.

(B) SEM of LSEC fenestrae morphology in 2-week (W)-old and 3-month (M)-old mice. Red arrows: fenestra. Yellow circles: sieve plate. Scale bar, 1 mm.

(C) Quantification of mean fenestra diameter, porosity and frequency of LSECs in panel C by ImageJ. Fenestra porosity is the percentage of the cell surface area

covered by fenestra. Fenestra frequency is the number of fenestrae per area. Each dot or square represents one block. Each liver section was analyzed for 3 fields.

Data are represented as mean G SD (n = 3/time point).

(D and E) Left panel: oil red O-stained frozen mouse liver sections at 2-week (W)-old (D) and 3-month (M)-old (E). Scale bar, 100 mm. Right panel: Quantification of

relative area of oil red O staining by ImageJ. Each dot or square represents one individual. Each liver section was analyzed for 5 fields. Data are represented as

mean G SD (n = 3/time point). Ns, no significance, *p < 0.05, **p < 0. 01; ***p < 0. 001; ****p < 0.0001; two-tailed Student’s t test. See also Figure S2.
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Enlarged LSEC fenestrae in Adamts18�/� mice

Considering that the expression peak of Adamts18 coincides with the critical phase of fenestra formation in LSECs, we further analyzed the

effect of ADAMTS18 on LSECmorphology by transmission electronmicroscopy (TEM) and scanning electronmicroscopy (SEM), respectively.

The results of TEM examination showed that LSECs in 2-week-old Adamts18�/� mice contained enlarged fenestrae (Figure 3A). Meanwhile,

lymphocyte infiltration and aggregation in sinusoidal lumens and hepatocyte vacuolization were observed inAdamts18�/� livers. Under SEM,

the fenestra diameter and porosity of LSECs in 2-week-old Adamts18�/� mice were significantly increased (Figures 3B and 3C), suggesting

increase of the permeability of liver sinusoidal cells. At 3 months of age, LSECs of Adamts18�/� mice had larger diameter and comparable

porosity compared with those of Adamts18+/+ mice (Figures 3B and 3C). The fenestrae gather and arrange in groups called ‘‘sieve plates.’’1

The LSECs in Adamts18+/+ livers were fenestrated and perforated with numerous sieve plates; while the LSECs in Adamts18�/� livers were

interrupted by a number of large gaps, with a small fenestrated area, and the fenestra frequency was significantly reduced (Figure 3B).

Fenestra regulates material exchange between hepatocytes and sinusoidal blood, thereby affecting lipid and glycogen metabolism.36,37

The results of oil red O staining showed that lipid droplets in Adamts18�/� livers were accordingly increased at 2 weeks and 3 months of

age (Figures 3D and 3E). The results of periodic acid Schiff (PAS) staining showed there was no significant difference in liver glycogen storage

between the two genotypes of mice (Figure S2).

Impaired liver sinusoidal circulation and micro-thrombosis in Adamts18�/� mice

In addition to substance exchange, LSECs can synthesize and secrete nitric oxide, endothelin, and other active factors to regulate intrahepatic

vasodilation and contraction and blood flow.7 We therefore examined liver sinusoidal circulation under multiphoton laser scanning confocal
4 iScience 27, 110273, July 19, 2024



Figure 4. Tortuous liver sinusoidal circulation and liver micro-thrombosis in Adamts18�/� mice

(A) Multiphotonmicroscopy of liver sinusoids in 2-week-oldmice. The green luminescent area represents the liver sinusoids, and the darker dots represent the red

blood cells (white arrows). The ratio of the actual walking distance of the liver sinusoid to the straight walking distance is the tortuosity of the liver sinusoid (solid

white lines). Scale bar, 50 mm.

(B) Quantification of diameter (left panel), tortuosity (middle panel) and relative density (right panel) of liver sinusoids in panel A by ImageJ. Data are represented

as mean G SD (n = 3).

(C) Representative images of Evans blue stained mouse liver sections at two weeks of age. Scale bar, 50 mm.

(D) Immunofluorescence of CD11b (red) and CD41 (green) in the liver vessels of 2-week-old mice, DAPI (blue). Scale bar, 50 mm.

(E and F) The level of lipid peroxidase (LPO) (E) and superoxide dismutase (SOD) (F) in the liver of 2-week-old mice determined by colorimetric method. Data are

represented as mean G SD (n = 8). Each dot or square represents one individual. Ns, no significance, *p < 0.05, **p < 0. 01; two-tailed Student’s t test.
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intravital microscopy. The result showed that the liver sinusoids of Adamts18+/+ mice were regular and uniform, but those of Adamts18�/�

mice were obviously tortuous (Figure 4A). The diameter and relative density of liver sinusoids inAdamts18�/�mice were significantly reduced,

while the tortuosity was significantly increased (Figure 4B). Evans blue staining showed extravasation of the dye into the blood vessels in

Adamts18�/� livers, suggesting increased LSEC permeability (Figure 4C). Remarkably, Adamts18�/� mice developed platelet-leukocyte mi-

cro-thrombi in liver vessels, shown by immunofluorescence of CD11b (a leukocyte marker) and CD41 (a platelet marker) (Figure 4D). The level

of superoxide dismutase (SOD) in Adamts18�/� livers was significantly lower while the level of lipid peroxidase (LPO) was higher than that of

Adamts18+/+ livers (Figures 4E and 4F), indicating an imbalance of oxidative stress in Adamts18�/� livers.

Altered liver ECM compositions in Adamts18�/� livers

We then sought to elucidate the underlying mechanism by which ADAMTS18 regulates morphological acquisition of LSECs. Given ADAMTS

functions as modifier of ECM proteins, we compared the changes of liver ECM compositions in 2-week-old mice. FN, laminin, and collagen

types I, III, and IV are present in the early-developing perisinusoidal space.38 By immunohistochemical staining, FNwas observed to be distrib-

uted in the portal vein, central vein, and lumen of the sinusoid of both genotypes of mice, and its deposition in portal vein and lumen of liver

sinusoid of Adamts18�/�mice was significantly increased (Figure 5A). Sandwich ELISA result showed that the level of total FN in liver homog-

enate of Adamts18�/� mice was significantly higher than that of Adamts18+/+ mice (Figure 5D). FN is the first ECM molecule formed during

organ development and can affect the synthesis and processing of other ECMmolecules.39,40 Immunohistochemical andMasson trichromatic

staining showed comparable distribution of collagen and laminin in the portal vein region, while the levels of type III collagen and total laminin

in the liver homogenate of Adamts18�/�mice were increased (Figures 5B–5D). At the transcriptional level, there was no significant difference

in Fn1mRNA levels between the liver of the two genotypes (Figure 5E). However, the transcription expressions of Col1a1, 3a1, and Lama1 in

Adamts18�/� livers were significantly up-regulated (Figure 5E). FN can affect VEGFA/VEGFR2 signaling by binding and organizing
iScience 27, 110273, July 19, 2024 5
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Figure 5. Altered liver ECM compositions in Adamts18-/- livers

(A) Upper panel: representative immunohistochemistry images of fibronectin (FN) in 2-week-old mouse livers. PV, portal vein; CV, central vein. Lower panel:

Quantification of FN density in different hepatic vascular areas by ImageJ. Each liver section was analyzed for 5 fields. Data are represented as mean G SD

(n = 3). Scale bar, 100 mm.

(B) Upper panel: representative images of Masson’s trichrome staining of collagen (Col) in 2-week-old mouse livers. Lower panel: immunohistochemistry images

of Laminin in 2-week-old mouse livers. Scale bar, 100 mm.

(C) Quantification of collagen area and laminin density in panel B by ImageJ. Each liver section was analyzed for 5 fields. Data are represented as mean G SD

(n = 3).

(D) The levels of liver FN, Col I, III, IV, and laminin determined by sandwich ELISA. Data are represented as mean G SD (n = 5�7).

(E) Real-time qPCR results of liver ECMmolecules (Fn1, Fbn1, Fbn2,Col1a1,Col1a2,Col3a1,Col4a1, Lama1, Lama5, Lamb1, and Lamc1). Data are represented as

mean G SD (n = 3).

(F) Representative immunofluorescence images of colocalization of FN (green) and VEGFA (red) in the liver of 2-week-old mice. Yellow arrows indicate that FN

and VEGFA are co-located around blood vessels. Scale bar, 100 mm. Each dot or square represents one individual. Ns, no significance, *p < 0.05, **p < 0.01; two-

tailed Student’s t test.
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VEGFA.41,42 Immunofluorescence results showed that FN and VEGFA were co-localized in large vessels and peripheral liver sinusoids

(Figure 5F).

Enhanced VEGFA and Rho signaling pathway in LSECs from Adamts18�/� mice

To investigate the effect of FN deposition on VEGFA signaling, we isolated primary LSECs from the liver of 2-week-old Adamts18+/+ and

Adamts18�/� mice and characterized the LSECs by CD14 immunofluorescence staining.43 The results showed that high purity LSECs were

obtained (Figure 6A). By Western blotting, we found VEGFA levels in Adamts18+/+and Adamts18�/� LSECs were comparable, suggesting

that ADAMTS18 did not directly cleave VEGFA (Figures 6B and 6C). However, VEGFA signaling pathway downstreammolecules were signif-

icantly altered in Adamts18�/� LSECs. Specifically, the phosphorylation level of Src was significantly increased in Adamts18�/� LSECs

(Figures 6B and 6C). Recent studies have shown that the Rho/myosin light chai (MLC) signaling pathway critically regulated the fenestra

morphogenesis of LSECs and enhanced Rho/MLC activity could lead to enlarged fenestra size of LSECs.44 The levels of active RhoA

(RhoA-guanosine triphosphate [GTP]) and active MLC (pMLC) were significantly increased in Adamts18�/� LSECs (Figures 6B and 6C).

VEGFA also regulates cytoskeletal changes through Src and RhoA to activate YAP/TAZ.45 We found the phosphorylation level of YAP was

significantly decreased in Adamts18�/� LSECs (Figures 6B and 6C). Immunofluorescence results were consistent with those of western blot-

ting, with increased levels of RhoA-GTP and pMLC and decreased level of pYAP in Adamts18�/� LSECs (Figures 6D and 6E).

Interaction between ADAMTS18 and FN

Since the FN changes in liver ECMmoleculesweremost pronouncedafter ADAMTS18deletion, we sought todetermine the interactionbetween

ADAMTS18 andFN.We stably overexpressedADAMTS18-FLAG in 293T cells and injected them intoC.B17-severe combined immunodeficiency

(SCID) mice to form subcutaneous tumors. Immunofluorescence results showed that ADAMTS18 and FN were co-localized in subcutaneous tu-

mors (Figure 7A). Compared with 293T control, ADAMTS18 overexpression reduced the tissue distribution of FN.

To better understand the precise docking sites of ADAMTS18 with FN, we searched the structural fragments of ADAMTS18 and FN

(Figures 7B and 7C). ADAMTS18 structure predicted by AlphaFold as receptor and protein fragments of FN as the ligands were submitted

to GRAMM-X. The GRAMM-X results analyzed by PDBePISA showed the values of interface area and DiG (kcal/mol) (Figure 7D). GRAMM-X

values of larger interface area and lowerDiG were used to differentiate the propermodels (Figure 7E). Figure S3 shows the remaining docking

models generated byGRAMM-X. These predictions indicated that ADAMTS18may bindmainly to theN-terminal fragment of FN.We further

examined their interaction by co-immunoprecipitation (coIP). The results showed that N-terminal fragment of FN (81–290 aa) was pulled down

by ADAMTS18 (Figure 7F).

Increased susceptibility to chemical mutagens in Adamts18�/� mice

We then sought to determine whether these developmental defects lead to spontaneous fibrosis of Adamts18�/� livers. Masson trichromatic

staining showed comparable liver collagen deposition inAdamts18+/+ andAdamts18�/�mice at 2 weeks, 8 weeks, and 9months (Figures S4A

and S4B), indicating that Adamts18�/� mice did not develop spontaneous liver fibrosis under normal conditions. At 2 weeks, 8 weeks, and

9months of age, hepatic stellate cells (HSCs) determined by immunohistochemical staining of a-smoothmuscle actin (a-SMA) inAdamts18+/+

and Adamts18�/� livers were basically in quiescent state (Figure S4C). We then induced liver fibrosis in 8-week-old male mice with carbon

tetrachloride (CCl4) challenge for 1 month (Figure 8A). Results from both Masson trichromatic staining and immunohistochemical staining

of a-SMA indicated that CCl4 treatment notably increased the severity of liver fibrosis in Adamts18�/� mice (Figure 8B).

Next, we induced hepatocellular carcinoma (HCC) formation in male mice by intraperitoneal injection of diethylnitrosamine (DEN) at

2 weeks of age; mice were then given a high-fat diet at 5 weeks of age and uniformly sacrificed at 9 months of age (Figure 8C). Autopsy

of mice showed that all DEN/high-fat-induced mice developed HCC and survived until 9 months of age. Adamts18�/� mice showed signif-

icant increase in liver weight/body weight ratio and the number of surface nodules (Figures 8D and 8E). Pathological analysis showed that

HCC lesions were also present in the deep liver tissue, and the HCC lesions of Adamts18�/� mice were larger than those of Adamts18+/+

mice (Figure 8D). In the KMplot dataset, shorter survival time/lower survival rates in human patients with liver cancer were positively correlated
iScience 27, 110273, July 19, 2024 7



Figure 6. Enhanced VEGFA and Rho signaling pathway in LSECs from Adamts18�/� mice

(A) Immunofluorescence staining for CD14 in primary LSECs from 2-week-old Adamts18+/+ and Adamts18�/� mice. Scale bar, 50 mm.

(B) Representative western blots for VEGFA, pSrc, Src, RhoA-GTP, RhoA, pYAP, YAP, pMLC, and MLC in primary LSECs.

(C) The relative quantity of VEGFA is normalized to that of GAPDH and phosphorylated proteins is normalized to that of corresponding total proteins. Data are

expressed as mean G SD (n = 3).

(D) Representative immunofluorescence staining for RhoA-GTP, pYAP, and pMLC in primary LSECs. Scale bar, 10 mm.

(E) Quantification of the fluorescence intensity in panel D by ImageJ. Each LSEC slide was analyzed for 5 fields. Data are represented as meanG SD (n = 3). Each

dot or square represents one individual. Ns, no significance, *p < 0.05, **p < 0.01; two-tailed Student’s t test.
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with lowerADAMTS18mRNA levels (Figure 8F), while the expression of other ADAMTSs, such asADAMTS13, 15, and 16, was not significantly

correlated with the survival time of liver cancer patients. Overall, these results suggested that ADAMTS18 deficiency or mutations increase

liver susceptibility to chemical mutagens and carcinomas.
DISCUSSION

Current knowledge about pathways regulating LSEC fenestration is still limited. In this study, we demonstrate a mechanism by which

ADAMTS18 interacts with FN to regulate VEGFA signaling, which is mechanistically linked to the fenestrated morphology of LSECs.

The VEGFA signaling pathway is crucial for regulating a number of essential functions of endothelial cells, including their proliferation,

migration, survival, sprouting, and permeability.46 It has been shown that VEGFA signaling pathway promotes LSEC fenestra formation to

increase cell permeability.47,48 VEGFA bioavailability is highly regulated by ECM binding and proteolysis.49 Studies have shown that FN is

the most critical ECM molecule known to bind and organize VEGFA, determining vascular endothelial phenotype by affecting VEGFA/

VEGFR2 signaling.41,42 Stenzel et al. demonstrated that FN binds to VEGFA and regulates the downstream VEGFR2/PI3K pathway to affect
8 iScience 27, 110273, July 19, 2024
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Figure 7. Interaction of ADAMTS18 and FN

(A) Representative immunofluorescence images of colocalization of ADAMTS18 (green) and FN (red) in subcutaneous tumors. Scale bar, 100 mm.

(B) The basic domain organization of the ADAMTS18 and its major functional groups. * Indicates the putative region of ADAMTS18 binding FN.

(C) The location and function of 3CAL (94-159aa), 2CG7(93-182aa), 2CG6 (93–182), 3ZRZ (94-182aa), 4PZ5 (94-182aa), 2RKZ (183-271aa), 2RKY (93-182aa), 2RL0

(184-272aa), 6MFA (906-1268aa), 1FNF (1173-1540aa), 4LXO (1448-1631aa), 2CK2 (1538-1633aa), and 1FNA (1543-1633aa) in FN.

(D) The interface area and DiG (kcal/mol) of different protein fragments of FN and ADAMTS18 GRAMM-X docking models analyzed by PDBePISA. The red

dashed boxes indicate the proper models.

(E) Two proper docking models of ADAMTS18 (green) and FN fragments (blue) generated by GRAMM-X. Interaction analysis is visualized by PyMol tool. The

potential hydrogen bonding interactions (purple dashed lines) are shown in the expanded view. The upper model reveals that residues Ser48, Ser51, Ser55,

Ser102, Ser192, Ser1029, Gln1030, Cys39, Gly53, and Asp59 of ADAMTS18 form hydrogen bonds with Gly144, Lys143, Thr147, Trp146, Pro126, Thr122,

Gly131, Thr74, Thr65, Arg101, Glu128, and Gln115 in FN fragment (2CG7). The following model reveals that residues Arg20, Gly21, Leu22, Gly24, Gly26,

Arg27, Ala31, Cys35, Lys945, His989, and Ala1022 of ADAMTS18 form hydrogen bonds with Pro87, Ser89, Leu8, Val10, Leu62, Val29, Lys86, Ala13, Thr16,

Ser53, and Thr49 in FN fragment (1FNF).

(F) CoIP analysis using cellular protein extracts fromHEK293T cells with co-expression and separate expression of ADAMTS18 and protein fragment of FN.Mouse

immunoglobulin G (IgG) agarose gel and anti-Flag agarose gel were used for immunoprecipitation. Anti-Flag and anti-His antibody recognizing Flag-

ADAMTS18, His-FN were used for immunoblotting. See also Figure S3.
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retinal angiogenesis.50 Bernier et al. found that ADAMTS18 deletion increases FN distribution to promote the VEGFA signaling pathway,

thereby stimulating the fenestration of nutrient-absorbing intestinal blood vessels.51 Through the data interactive website http://liulab.ioz.

ac.cn/fetal_liver/, we found that mouse fetal liver endothelial cells could secret not only Adamts18 but also Vegfa and Fn1 (Figure S5), sug-

gesting a possible relationship among the three molecules.34

InAdamts18�/�mice, we observed elevated FN accumulation around liver sinusoids as well as enlarged fenestrae, increased porosity, and

permeability of LSECs.We proposed that local FN accumulation inAdamts18�/� liver alters VEGFA tissue distribution gradient, thus affecting

VEGFAbioavailability, signaling pathway, and cytoskeleton. In general, VEGFA regulates cytoskeletal changesby activating Src-family kinases

and RhoA/Rho kinase.45,52,53 RhoA-GTP facilitates MLC phosphorylation via downstream Rho kinase, thereby inducing actomyosin contrac-

tility and weakening endothelial cell-cell adhesion.54,55 MLC phosphorylation in monolayer human umbilical vein endothelial cells increases

actomyosin contraction and cell permeability.56 In LSECs, permeability is thought to be regulated by the fenestra. Studies have shown that

myosin phosphorylation may be the key to regulating the diameter and number of LSEC fenestra.8,57 Zapotoczny et al. found that MLC phos-

phorylation promoted actomyosin contraction at the edge of the sieve plate, leading to the increase of the fenestration diameter.44 In the

primary isolated Adamts18�/� LSECs, the downstream of VEGFA signaling pathway is significantly changed, including enhanced Src phos-

phorylation, RhoA activation, and MLC phosphorylation. VEGFA mediates cytoskeleton to activate YAP/TAZ, which enters the nucleus and

initiates transcriptional procedures, further regulating cytoskeleton to affect permeability.58Wang et al. found cerebrovascular hemorrhage in

YAP/TAZ endothelial-specific knockout mice, suggesting that YAP/TAZ deficiency increases endothelial cell permeability.45 In our study,

increased YAP entry into the nucleus in LSECs of Adamts18�/�micemaybe a compensatory response to increased permeability. Collectively,

a mechanism is proposed for morphological acquisition of LSECs via ADAMTS18-FN-VEGFA niches.

The maximum diameter and the porosity of fenestra affect the material exchange. For example, chylomicrons exceeding the opening

diameter of the fenestra cannot enter the Disse space.1 Kazuhiko et al. revealed that, in the liver of glutamate-induced obesemice, increased

accumulation of lipid droplets in hepatocytes coincided with a significant increase in the mean diameter of fenestrae.59 In this study, we re-

vealed that ADAMTS18 deficiency caused dysplastic LSECs with enlarged fenestrae, which may allow more and larger chylomicron remnants

to enter the Disse space and hepatocytes resulting in increased lipid accumulation. On the other hand, it has been shown that hepatic lipid

accumulation leads to an increase in reactive oxygen species (ROS) production,60 which results in increased permeability through the upre-

gulation of MLC phosphorylation and chronic inflammation.61 We also found an imbalance of oxidative stress in Adamts18�/� liver, with in-

flammatory cells and platelets in liver vessels. Cogger et al. found higher doses of tert-butyl hydroperoxide (t BOOH) caused loss of sinusoidal

endothelial integrity and formation of large gaps with diameters greater than 200 nm.62 Hepatic lipid accumulation may deteriorate LSEC

fenestration and function through the production ROS. We speculate that dysplastic LSEC fenestra and hepatic lipid accumulation in

Adamts18�/� liver can worsen each other.

ADAMTS18 deletion resulted in increased FN deposition in the liver without Fn1 change at the transcriptional level. In contrast,

ADAMTS18 overexpression led to reduced FN distribution in subcutaneous tumors. Studies showed that soluble 70 kDa N-terminal FN is

essential for assembling FNmatrices through binding to linearly arranged assembly sites on the cell that are controlled by integrin a6b1-medi-

ated adhesion.40,63 Previously, Ataca et al. found that ADAMTS18 can cleave soluble 70 kDa N-terminal FN recombinant fragments resulting

in the release of a �30 kDa fragment in vitro; and the predicted cleavage site is within the I (5)-I (6) linker of FN that has been proved in its

homolog ADAMTS16.64,65 However, ADAMTS18’s cleavage function requires it to have a binding region on the FN, which is unknown.

Our data provided direct evidence that there exists an interaction region between ADAMTS18 and FN. Specifically, ADAMTS18 can pull

down the N-terminal fragment of FN81-290; and the docking sites are associated with Gly144, Lys143, Thr147, Trp146, Pro126, Thr122,

Gly131, Thr74, Thr65, Arg101, Glu128, andGln115 in N-terminal FN. It appears that ADAMTS18 regulates FN self-assembly by cleavingN-ter-

minal 70 kDa soluble FN fragments. However, this process is extremely complex and the detailedmechanism still needs to be further studied.

Troung et al. reported that the enlargement of the LSEC fenestra facilitates the metastasis of cancer cells to the liver.66 Enlarged fenestrae

and increased permeability of LSECs inAdamts18�/�micemay be one of the causes for the more severe HCC induced by DEN in mice. In the

KMplot dataset, lower ADAMTS18 mRNA levels were positively correlated with a poor survival in HCC patients.
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Figure 8. Increased susceptibility of Adamts18�/� mice to carbon tetrachloride (CCl4)-induced liver fibrosis and diethylnitrosamine (DEN)-induced

hepatocellular carcinoma (HCC)

(A) Mode diagram of CCl4-induced liver fibrosis in 8-week-old male mice. Oliver oil acts as control.

(B) Upper panel: representative micrographs of a-smooth muscle actin (a-SMA) staining in control (a, b) and CCl4 treatment groups (c, d). Masson’s trichrome

staining of mouse livers with CCl4 treatment (e, f). Scale bar, 100 mm. Lower panel: quantification of fibrosis in CCl4 treatment mouse livers. Data are represented

as mean G SD (n = 3). Each dot or square represents one individual. Each liver section was analyzed for 3 fields.

(C) Induction of hepatocellular carcinoma (HCC) formation using DEN treatment in 2-week-old male mice. Mice were subsequently given high-fat diet at 5W and

sacrificed at 9M.
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Figure 8. Continued

(D) Representative images of liver in 9-month-old DEN treatment mice (a, b). Red arrows point out surface nodules. Scale bar, 5 mm. H&E-stained of mouse liver

sections (c, d). Black arrows indicate nodules in the deep liver tissues. Scale bar, 100 mm.

(E) Analysis of tumor burden in DEN/high-fat-treated mice. Data are represented as mean G SD (n = 8�9).

(F) Correlation ofADAMTS18, 13, 15, 16 levels with the overall survival rate of human liver cancer patients in the KMplot dataset. *p< 0.05, **p< 0.01, ***p< 0.001;

two-tailed Student’s t test. See also Figure S4.
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Limitations of the study

Since the sufficient amounts of purified ADAMTS18 protein are not available at present, we failed to observe whether the fenestra of LSECs

can be restored after ADAMTS18 replenishment into animals in vivo. Nonetheless, Venkatraman et al. provide indirect evidence that TSP can

induce defenestration in LSECs in a dose-dependent manner.67 It appears that the TSP domain in ADAMTS18 has effect on the formation of

fenestra structure. In addition, other soluble cytokines, such as bone morphogenetic protein 9 (BMP9) and platelet-derived growth factor B

(PDGF), have also been shown to be associated with fenestra phenotype of LSECs.68,69 We remain unclear whether these cytokines-mediated

signaling pathways are also involved in the phenotypic changes of LSECs causedbyADAMTS18 deletion, which needs to be further clarified in

future studies. Finally, the association between ADAMTS18mutations and clinical congenital hepatic vascular disease is unclear and needs to

be further validated in a large clinical patient sample.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Fibronectin Abcam Cat# ab199056; RRID: AB_2802127

Rabbit polyclonal anti-Laminin Abcam Cat#ab11575; RRID: AB_298179

Rabbit monoclonal anti-CD11b Abcam Cat# ab133357; RRID: AB_2650514

Rabbit monoclonal anti-CD41 Abcam Cat# ab134131; RRID: AB_2732852

Mouse monoclonal anti-E-cadherin BD Biosciences Cat# 610181, RRID: AB_397580

Rabbit monoclonal anti-F4/80 Cell Signaling Technology Cat# 70076, RRID: AB_2799771

Rabbit polyclonal anti-a-SMA Abcam Cat# ab5694, RRID: AB_2223021

Rabbit polyclonal anti-VEGFA Proteintech Cat# 19003-1-AP; RRID: AB_2212657

Mouse monoclonal Anti-VEGFA Abcam Cat# ab1316; RRID: AB_299738

Rabbit polyclonal anti-Src Cell Signaling Technology Cat# 2123; RRID: AB_2106047

Rabbit monoclonal anti-p-Src Cell Signaling Technology Cat# 6943, RRID: AB_10013641

Rabbit polyclonal anti-YAP Cell Signaling Technology Cat# 17074, RRID: AB_2650491

Rabbit monoclonal anti-p-YAP Cell Signaling Technology Cat# 13008, RRID: AB_2650553

Rabbit polyclonal anti-p-MLC Cell Signaling Technology Cat# 3671; RRID: AB_330248

Rabbit polyclonal anti-MLC Proteintech Cat#10906-1-AP, RRID: AB_2147453

Rabbit polyclonal anti-CD14 Proteintech Cat#17000-1-AP, RRID: AB_2919143

Mouse Anti-RhoA-GTP Monoclonal Antibody NewEast Biosciences Cat# 26904, RRID: AB_1961799

Rabbit polyclonal anti-RhoA NewEast Biosciences Cat# 21017, RRID: AB_2828037

Rabbit monoclonal anti-His-tag Beyotime Cat# AG8061, RRID: AB_3083011

Rabbit monoclonal anti-Flag-tag Beyotime Cat# AG8050, RRID: AB_2940884

Rabbit polyclonal anti-GAPDH Proteintech Cat#10494-1-AP, RRID: AB_2263076

Chemicals, peptides, and recombinant proteins

RNAscope� 2.5 HD Reagent Kit-RED ACD Cat# 322350

RNAscope� 2.5 VS Probe- Mm-Adamts18 ACD Cat# 452259

MolPure� Cell/Tissue Total RNA Kit YEASEN Cat# 19221ES50

Hifair� II 1st Strand cDNA Synthesis SuperMix for qPCR YEASEN Cat# 11123ES60

Hieff� qPCR SYBR� Green Mix YEASEN Cat# 11201ES08

FITC-Dextran 2000 TdB Labs Cat# FD2000

Lipo8000� Beyotime Cat# C0533

DAPI Beyotime Cat# C1005

Critical commercial assays

Modified Oil Red O Staining Kit Beyotime Cat# C0158S

Total Superoxide Dismutase Assay Kit with WST-8 Beyotime Cat# S0101S

Hematoxylin-Eosin/HE Staining Kit Solarbio Cat# G1120

Modified Masson’s Trichrome Stain Kit Solarbio Cat# G1346

Periodic Acid Schiff (PAS) Stain Kit, with Hematoxylin Solarbio Cat# G1281

Lipid peroxidation assay kit Nanjing Jiancheng Bioengineering

Institute

Cat# A106-1-2

MiniMACS Starting Kit Miltenyi Cat# 130-090-312

MACS CD146 (LSEC) MicroBreads, mouse Miltenyi Cat# 130-092-007

Flag-tagged protein immunoprecipitation kit Beyotime Cat# P2202S

(Continued on next page)

16 iScience 27, 110273, July 19, 2024



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RhoA activity assay kit NewEast Biosciences Cat# 80601

Experimental models: Cell lines

HEK 293T Cell bank of the Chinese academy

of sciences

N/A

Experimental models: Organisms/strains

C57BL/6/129Sv mouse strain Lu et al., 201770 N/A

C.B17-scid immunodeficient mice Shanghai Jihui experimental

animal feeding Co., LTD

N/A

Carbon tetrachloride (CCl4)-induced liver fibrosis model This paper N/A

Diethylnitrosamine (DEN)-induced HCC model This paper N/A

Oligonucleotides

Primers for Figures 1 and 5, see Table S1 This paper N/A

Recombinant DNA

pcDNA3.1(+)-Adamts18 plasmid This paper N/A

pcDNA3.1(+)-Fn1-N81-290aa plasmid This paper N/A

pCMV6-Adamts18 plasmid Lu et al., 202025 N/A

Software and algorithms

Graphpad Prism Graphpad software https://www.graphpad.com/

Image J NIH https://imagej.net/
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Wei Zhang

(wzhang@sat.ecnu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adamts18 knockoutmice with C57BL/6/129Sv strain were generated and genotyped as previously described.70 The animals were housed in a

specific pathogen-free facility under a 12-h light/dark schedule, with lights on at 07:00.Male and femalemice were randomly used in this study

unless otherwise stated. All animal experiments were approved by the Institutional Animal Care and Use Committee of East China Normal

University (ECNU).

Carbon tetrachloride (CCl4) induced liver fibrosis model

8-week-old male Adamts18+/+ and Adamts18�/� mice were used for CCl4-induced liver fibrosis experiment. Specifically, mice were injected

intraperitoneally with CCl4 (dissolved in corn oil in a 1:4 ratio) at 1 mL/g body weight twice a week for four weeks. Themice were sacrificed 96 h

after the last injection for pathological analysis.

Diethylnitrosamine (DEN) induced hepatocellular carcinoma (HCC) model

2-week-old male Adamts18+/+ and Adamts18�/� mice were used for DEN-induced HCC experiment. Mice were injected intraperitoneally with

DEN (25mg/mL) at 10 mL/g body weight. Themice were then given a high-fat diet at 5 weeks of age and uniformly sacrificed at 9 months of age.
iScience 27, 110273, July 19, 2024 17
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Materials

All reagents were purchased from Sigma–Aldrich (St. Louis, MO, USA) unless otherwise indicated. Primers for quantitative real-time RT-PCR

(qRT-PCR) used in this study are listed in Table S1.

The list of reagents used in this study can be found in the key resources table.

An overview figure of the aim and the experimental set up can be found in Figure S6.

RNA in situ hybridization, qRT-PCR, Histology, immunohistochemistry, and immunofluorescence

RNA in situ hybridization (ISH) was performed following established protocols.25 In briefly, fresh 5-mm-thick sections were used for ISH using

the RNAscope 2.5 HDReagent Kit-RED (Advanced Cell Diagnostics, Hayward, CA). qRT-PCR was carried out using Hifair� II 1st Strand cDNA

Synthesis SuperMix for qPCR and Hieff� qPCR SYBR�Green Mix. Total RNA was extracted from liver tissue using the MolPure� Cell/Tissue

Total RNA Kit. The relative quantity of target mRNA was determined using the DDCt method, with Gapdh serving as the reference gene. All

reactions were performed in triplicate. For histology, liver tissues were fixed in 10% neutral buffered formalin for 24 h at room temperature (RT)

and embedded in paraffin or OCT. Subsequently, paraffin sections were deparaffinized and hydrated. Liver sections were stained with hema-

toxylin and eosin (H&E), periodic acid and Schiff reagent (PAS), Oil Red O staining, or performed immunohistochemistry (IHC) and immuno-

fluorescence (IF). Images of stained sections were captured randomly with light microscope (DMI3000, Leica, Wetzlar, Germany) and confocal

microscope (SP8, Leica, Wetzlar, Germany).

Blood vessel cast

Casting agents were prepared as following steps. First, appropriate amount of ethylene perchloride resin (13%) dibutyl phthalate (2.7%), dia-

mond glue (20%) and paint (5 g/100 mL) were added to the ethyl acetate solution and mixed evenly. Then, the mice were sacrificed and the

chest was opened to expose the liver. The liver was flipped upward with a cotton swab containing PBS to expose the dorsal side of the liver, as

well as the extrahepatic portal vein and inferior vena cava veins, and 4% sodium citrate saline was injected. A small incision was made in the

inferior vena cava to drain the blood, after outflow of clear fluid from the opening, ethyl acetate and casting agent was pumped into the portal

vein at a constant rate (All injected fluids need to be preheated to 37�C in advance). The liver was gently massaged with a wet cotton swab to

promote uniform filling until the casting agent filled the tissue. The left outer lobe of the liver was removed and placed in PBS, left for an hour

to allow the casting agent to fully cure, and then immersed in 15%KOH to corrode excess tissue. After standing at room temperature for 24 to

48 h, imaged with a body type dissecting scope (MZ61, Mshot, Guangzhou, China) after washed by running tap water.

Electron microscopy

For transmission electron microscopy (TEM), mice were sacrificed and perfused with normal saline solution. Mouse livers were fixed by perfu-

sion 2.5% glutaraldehyde. We selected the left lateral lobe of the liver and took three tissue blocks (1*1*1 mm3) from the central region. The

blocks were fixed in 2.5% glutaraldehyde, followed by fixation with 1% osmium tetroxide. Dehydration was carried out by successive ethanol

incubation, followed by embedding in plastic, ultrathin sectioning, and electron staining with lead citrate. Images were captured randomly

with a transmission electron microscope (H-7650, Hitachi, Tokyo, Japan). The magnification of the image was 15000 times. For scanning elec-

tron microscopy (SEM), the steps for obtaining the samples were the same as those for the TEM samples. The tissue block size was about

3*3*3 mm3, which were dehydrated in a graded ethanol series, critical-point dried, sputter-coated and examined using the scanning electron

microscope (Gemini SEM 300, Zeiss, Oberkochen, Germany). The magnification of the image was 7000 times. Each liver section was analyzed

for 3 fields, and three biological replicates were performed.

Multiphoton laser scanning confocal intravital microscopy (IVM)

Mice were anesthetized by intraperitoneal injection of Avertin according to their body weight (20 mL/g) and FITC-Dextran 2000 were injected

into the caudal vein. Then, livers were exposed and the left lateral lobes were fixed on glass coverslips with dust-free paper soaked in PBS.

Images of the exposed left lateral lobes were captured 15min later using amultiphoton imaging system (FVMPE-RS, Olympus, Tokyo, Japan).

Enzyme linked immunosorbent assay

Enzyme linked immunosorbent assay (ELISA) was performed according to the manufacturer’s instructions. The superoxide dismutase (SOD)

and lipid hydroperoxide (LPO) values were measured by colorimetry, and then converted into SOD activity and LPO content in liver tissue.

Assay of liver vascular permeability

In this experiment, 2-week-oldAdamts18+/+ andAdamts18�/�mice were used to assess liver blood vessel permeability using Evans Blue dye

as previously described.71 Evans blue is a diazo salt fluorescent dye with high affinity (10:1) for albumin (the most abundant protein in plasma)

and presents red fluorescence under the excitation of 550 nm. Specifically, 0.5% sterile solution of Evans blue in PBS without any particulate

matter was slowly injected through the tail vein of the mouse (4 mL/g). Evans blue dye was allowed to circulate for 30 min. Animals were then

perfused transcardially with PBS until fluid from the right atrium became colorless. All the mice were sacrificed at the same time, as fast as
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possible. The livers were harvested immediately, and were sliced into 5-mm-thick sections using a cryostat. The level of liver vascular perme-

ability can be assessed by simple visualization of the liver section under the excitation of 550 nm by a fluorescence microscope.

LSECs isolation

The primary LSECs were isolated from 2-week-old Adamts18+/+ and Adamts18�/� mice. Briefly, liver was initially perfused with PBS and then

with type IV collagenase solution preheated at 37�C. After perfusion, the liver was transferred to type IV collagenase solution, chopped to

chyme anddigested at 37�C for 8–10min. The cell suspension was then filtered by a 70 mmscreen and centrifuged at 503g room temperature

for 2min. The supernatant rich in non-parenchymal cells was collected and centrifuged again. After centrifugation, the supernatant was centri-

fuged at 3003 g for 10 min at 4�C. Cell precipitates were re-suspended with MACS buffer and purified using LSEC-specific CD146-based

isolation on magnetic MicroBeads (MACS, MiltenyiBiotec, Germany) as previously described.72,73 Freshly isolated primary LSECs were lysed

to extract proteins for western blotting, or seeded on cell slides, cultured in Mouse LSEC Complete Medium (Precell, Wuhan, China), and

immobilized for cell immunofluorescence after overnight culture.

Cell immunofluorescence

LSECswere fixed for 15min with 4%paraformaldehyde at room temperature (RT) or for 10min with pre-cooled anhydrousmethanol at�20�C.
Subsequently, the cells were cleaned with PBS and permeated with 0.2% Triton X-100 (this step is omitted for detecting membrane proteins).

Cells were enclosedwith 5%BSA at RT for 1 h. The cells were incubatedwith anti-CD14, anti-RhoA-GTP, anti-pMLC, and anti-pYAP antibodies

overnight at 4�C, followed by incubation with the secondary antibody. Cells were counterstained with DAPI and imaged with Leica SP8 con-

focol microscope (Leica Microsystems, Wetzlar, Germany).

RhoA activity

RhoA activity assay was performed using RhoA activity assay kit as previously described.37 Briefly, freshly isolated primary LSECs were lysed in

lysis buffer. After determination of protein concentration by BCA method, the lysate containing the same amount of protein was diluted to

1 mL with lysis buffer, then incubated with anti-RhoA-GTP mouse monoclonal antibody for 2 h at 4�C. Subsequently, the solution was incu-

bated with protein A/G agarose beads for 2 h at 4�C with shaking. After centrifugation, the beads were washed with lysis buffer, and eluted

with SDS buffer. Proteins eluted from agarose beads were separated by SDS-PAGE and analyzed by Western blotting.

Cell culture and co-localization assay

HEK 293T cells stably transfected with pCMV6-Adamts18 and empty vector and were cultured in DMEM supplemented with 10% FBS and

antibiotics. After trypsin digestion, cells were counted and approximately 5 3 106 cells were injected subcutaneously into each 6-week-old

male C.B17-SCID mice to form subcutaneous tumors. The mice were euthanized and the subcutaneous tumors were removed and used

for ADAMTS18 and FN or FN and VEGFA immunofluorescence co-localization assay.

Protein–protein docking study

Homo sapiens ADAMTS18 protein prediction was downloaded from the AlphaFold protein structure database and used as receptor. Homo

sapiens protein fragments of FN were found in the protein databank (PDB), and 13 of themwere selected based on crystal resolution <2.00 Å.

The ADAMTS18 structure was used as receptor, and protein fragments of FN were submitted as ligands to the GRAMM-X and analyzed by

PDBePISA for docking analysis.

Co-immunoprecipitation (IP)

Flag-tagged protein immunoprecipitation kit was used to perform the experiment. HEK 293T cells were transiently single transferred and co-

transfected with pCDNA3.1-Adamts18 and pcDNA3.1-recombinant FN N-terminal protein (FN-N81-290 aa) by using Lipo8000. After 48 h of

cell culture, lysates were added for protein extraction. Proteins were incubated with anti-DDK agarose overnight at 4�C and eluted with 3 3

Flag polypeptide eluent. Proteins eluted from agarose beads were separated by SDS-PAGE and analyzed by Western blotting. Mouse IgG

agarose gel and anti-Flag agarose gel were used for immunoprecipitation. Anti-Flag and anti-His antibody recognizing Flag-ADAMTS18,

His-FN were used for immunoblotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed by Student’s t test using the software package Prism version 8 (GraphPad, La Jolla, CA, USA). Data are shown as meanG

SD. A p value <0.05 was considered statistically significant. The statistical details of experiments can be found in the figure legends.
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