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VEGF-induced Nrdp1 deficiency in vascular endothelial cells
promotes cancer metastasis by degrading vascular basement
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Vascular endothelial cells (VECs) are key players in the formation of neovessels and tumor metastasis, the ultimate cause of the
majority of cancer-related human death. However, the crosstalk between VECs and metastasis remain greatly elusive. Based on our
finding that tumor-associated VECs present significant decrease of Nrdp1 protein which is closely correlated with higher metastatic
probability, herein we show that the conditional medium from hypoxia-incubated cancer cells induces extensive Nrdp1
downregulation in human and mouse VECs by vascular endothelial growth factor (VEGF), which activates CHIP, followed by Nrdp1
degradation in ubiquitin-proteasome-dependent way. More importantly, lung metastases of cancer cells significantly increase in
conditional VECs Nrdp1 knockout mice. Mechanically, Nrdp1 promotes degradation of Fam20C, a secretory kinase involved in
phosphorylating numerous secreted proteins. Reciprocally, deficiency of Nrdp1 in VECs (ecNrdp1) results in increased secretion of
Fam20C, which induces degradation of extracellular matrix and disrupts integrity of vascular basement membrane, thus driving
tumor metastatic dissemination. In addition, specific overexpression of ecNrdp1 by Nrdp1-carrying adeno-associated virus or
chemical Nrdp1 activator ABPN efficiently mitigates tumor metastasis in mice. Collectively, we explore a new mechanism for VEGF
to enhance metastasis and role of Nrdp1 in maintaining the integrity of vascular endothelium, suggesting that ecNrdp1-mediated

signaling pathways might become potential target for anti-metastatic therapies.
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INTRODUCTION

Metastasis, a hallmark of cancer and the ultimate cause of the
majority of cancer-related death, is orchestrated by a dynamic,
multifaceted complex network of biological events [1-3]. One such
event is the formation of new blood vessels termed as tumor
angiogenesis. Tumor cells intravasate from primary tumor into blood
circulation and extravasate into distant organ from blood stream.
Thus, angiogenesis supports tumor cell metastasis by providing a
major route from primary tumors to distant organs besides supplying
tumor tissues with nutrients and oxygen for tumor survival and
growth. Tumor endothelial cells lining tumor blood vessels, which
are key players in the formation of neovessels, differ from normal
endothelial cells in many aspects. For instances, they are usually
irregular monolayers and impaired endothelial barrier function [4, 5],
and the thickness of tumor vascular basement membrane (VBM) is
uneven and the association between pericytes and tumor vascular
endothelial cells (VECs) is weak, leading to vascular leakiness, which
allows cancer cells to escape from the primary site and disseminate
to other sites, and contributes to poor drug delivery and enables the
immunosurveillance escape of cancers [6].

Crosstalk between cancer cells and VECs in the tumor
microenvironment generates a pre-metastatic niche that pro-
motes tumor progression [7, 8]. Disseminated cancer cells exploit
factors derived from themselves to incite the formation of
neovascularization from existing capillaries [5, 9, 10]. This process
is delicately balanced by the production of pro- and anti-
angiogenic factors that activate endothelial cells, among which
vascular endothelial growth factor-A (VEGF-A, hereafter named
VEGF) plays a crucial role in angiogenesis as well as increased
vascular permeability for cancer metastasis [11, 12]. Accordingly,
neovascularization can be halted by treatment with compounds
such as the VEGF inhibitor bevacizumab, the mTOR inhibitor
everolimus, or the tyrosine kinase inhibitor pazopanib. However,
these drugs did not significantly improve overall patient survival
due to adverse events, acquired drug resistance, tumor recur-
rence, and lack of validated biomarkers [13-16]. This limitation has
prompted a precise investigation into the crosstalk between
tumor cells and tumor-associated endothelial cells that accelerates
tumor metastasis, particularly in the underlying mechanisms of
endothelial-derived factors that contribute to tumor progression
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[17-21]. However, there is a need to further study the vascular
effects of tumor-derived factors to predict and improve the
survival of cancer patients [4].

Nrdp1 (Neuregulin receptor degradation protein 1, also known
as RNF41 or FLRF), an evolutionarily highly conserved RING finger
gene [22], is ubiquitously expressed in human tissues. Originally,
Nrdp1 was shown to interact with the cytoplasmic tail of the
neuregulin receptors ErbB3 and ErbB4 in an activation-
independent manner [23]. The following investigations showed
that Nrdp1 is a RING finger-type of ubiquitin E3 ligase, which
promotes the ubiquitination and degradation of ErbB3, BRUCE/
apollon, and itself, thereby facilitating tumor progression [24-27].
Nrdp1, whose suppression correlates with poor prognosis of
glioblastoma multiforme (GBM), was also reported to reduce GBM
cell migration and invasiveness, in which Nrdp1 physically interacts
with the Vangl1 and Vangl2 proteins, components of the planar cell
polarity arm of non-canonical Wnt signaling, to mediate the K63-
linked polyubiquitination of the Wnt pathway protein Dishevelled
and suppress the planar cell polarity signaling. Thus, the restoration
of Nrdp1 reduces GBM cell migration and invasiveness [28, 29].
Furthermore, the retinoic acid derivative ABPN (A4-amino-2-
(butyrylamino)pheny! (2E,AE,6E,8E)-3,7-dimethyl-9- (2,6,6-trimethyl-
1-cyclohexenyl)-2,4,6,8-nonatetraenoate) exhibits tremendous anti-
cancer activity in pancreatic cancer through inducing Nrdp1
expression [30]. However, roles of the Nrdp1 in carcinogenesis,
especially metastasis, remain to be greatly elusive.

Based on the discovery that tumor vascular endothelial cells
presented lower Nrdp1 expression, herein we report that cancer
cells-derived VEGF triggers Nrdp1 degradation in tumor VECs,
while deficiency of Nrdp1 in VECs (ecNrdp1) facilitates cancer cell
metastasis in vivo through disrupting the VBM integrity. In
accordance, specific overexpression of ecNrdp1l by Nrdpl-
carrying adeno-associated virus (AAV) or chemical Nrdp1 activator
ABPN efficiently mitigates tumor metastasis in mice.

RESULTS

VECs in tumors present lower expression of Nrdp1 protein
We detected Nrdp1 protein expression by immunohistochemistry
(IHQ) staining in a tissue microarray of human colorectal cancer
tissues (n=199) with available paired adjacent non-cancerous
tissues (n =74), for which the specificity of anti-Nrdp1 antibody
was confirmed (Supplementary Fig. 1). Our results showed that
there was no significant difference of Nrdp1 protein levels
between cancer and adjacent non-cancerous cells (Fig. 1A, B),
which was consistent with analysis of Nrdp1T mRNA levels in
colorectal cancer from the The Cancer Genome Atlas (TCGA)
COAD cohorts (n = 520) (Fig. 1C). More surprisingly, we found that
there was a dramatically reduced Nrdp1 abundance in tumor-
associated VECs, as indicated by CD31 staining, in comparison
with those from their adjacent normal tissues (Fig. 1A, D). The
same phenomenon could also be seen on a multiple-organ tissue
chip with lung, renal, and gastric cancers (Fig. 1E). More
interestingly, lower ecNrdp1 protein was associated with higher
metastatic probability (Fig. 1F), and patients with metastasis
exhibited significantly lower ecNrdp1 expression in comparison to
patients without metastasis in our cohort of colorectal cancer
(Fig. 1G). Furthermore, there was a trend towards shorter
progression-free survival in patients with lower ecNrdp1 expres-
sion, although statistical difference could not be gotten between
cancers with the lower and higher ecNrdp1 expression (Fig. TH).

Cancer cells-secreted VEGF induces Nrdp1 degradation

in VECs

Considering that hypoxia is a common feature of solid tumors
mediating the formation of aberrant blood vessels [31], we asked
whether ecNrdp1 downregulation in tumor was dependent on the
hypoxic tumor environment. To this end, human umbilical vein
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endothelial cells (HUVECs) were exposed to 1% oxygen for 24 h,
and found that the treatment had no impact on ecNrdp1 protein
levels together with increased hypoxia-inducible factor 1a (HIF-1a)
protein (Fig. 2A). It has been reported that cancer cells can secrete
various cytokines and chemokines to communicate with the
endothelium upon hypoxia microenvironment, thereby facilitating
metastasis by forming factors-engaged pro-metastatic niches
[32, 33]. Thus, we evaluated the effect of conditioned medium
(CM) from cancer cells on ecNrdp1 expression. More intriguingly,
CM from hypoxia-treated human breast cancer cells MDA-MB-231
and prostate cancer cells DU145, which carried higher levels of
VEGF, caused extensively Nrdp1 downregulation in HUVECs,
compared with that from normoxia-treated cells (Fig. 2B,
Supplementary Fig. 2A). Similar efficiency was also observed in
freshly isolated mouse lung endothelial cells (MLECs) upon
treatment with hypoxia-induced CM from mouse B16 melanoma
cells (Supplementary Fig. 2B).

To identify the specific tumor-derived factor(s) responsible for
the reduction of ecNrdp1 protein, we initially focused on VEGF, a
pivotal transcriptional target of HIF-1 that contributes to vascular
formation and permeability and supports tumor progression and
metastasis [34]. More interestingly, neutralizing VEGF with
bevacizumab, a humanized anti-VEGF antibody, significantly
abrogated the reduction of ecNrdpl upon stimulation by
hypoxia-induced CM from MDA-MB-231 and DU145 cells
(Fig. 2C, Supplementary Fig. 2C), suggesting that hypoxia-
induced tumor-derived VEGF may contribute to ecNrdp1 down-
regulation. To support this, we revealed that increasing concen-
trations of the in vitro recombinant human VEGF, which caused
persistent phosphorylation at Y1175 of VEGF receptor 2 (VEGFR2)
due to the high affinity of VEGF-VEGFR2 interaction as previously
reported [35, 36], dose-dependently reduced Nrdp1 protein of
HUVECs (Fig. 2D) and MLECs (Supplementary Fig. 2D). Like
Bevacizumab, VEGFR2 inhibitor Cabozantinib also antagonized
VEGF-induced Nrdp1 reduction (Fig. 2E). Consistent with previous
report [37], notably, VEGF in the CM from HUVECs under hypoxia
for 24 h was almost undetectable (Supplementary Fig. 2E), which
could explain why the hypoxia treatment failed to impact ecNrdp1
protein levels in HUVECs (Fig. 2A). All these results indicate that
VEGF activates the VEGF signaling pathway and then induces
Nrdp1 downregulation in VECs.

It has been known that during developmental angiogenesis,
endothelial tip cells at the leading edge of vascular sprouts in the
retina are exposed to higher levels of VEGF than stalk cells
[38, 39]. To confirm the impact of VEGF on ecNrdp1 expression
in vivo, mouse retinal vasculature was isolated for immunofluor-
escence analysis of Nrdp1 and VECs marker CD31. The results
revealed that tip cell-specific inhibition of Nrdp1 in the retinal
vasculature compared to stalk cells (Fig. 2F), indicating that VEGF
may account for lower Nrdp1 expression under physiological
conditions.

Because VEGF treatment failed to affect Nrdp1T mRNA expres-
sion (Fig. 2G), we used the cycloheximide (CHX) assay to quantify
the stability of the Nrdp1 protein and demonstrated that Nrdp1
was rapidly degraded upon VEGF treatment (Fig. 2H). In line,
VEGF-induced Nrdp1 degradation was completely abrogated by
the proteasome inhibitor MG132, which also rescued HIF-1a
protein under normoxia (Fig. 2I).

VEGF-induced CHIP activation promotes degradation

of Nrdp1

Above observations suggested that VEGF mediates Nrdpl
degradation in a proteasome-dependent manner. To elucidate
the underlying mechanisms, we utilized STRING interaction
network prediction (https://cn.string-db.org) and focused on the
role of ubiquitin E3 ligase CHIP (C-terminus of Hsc70-interacting
protein) in modulating Nrdp1 expression. Indeed, increased CHIP
mRNA and protein in HUVECs were observed upon VEGF
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stimulation (Fig. 2D, J). Additionally, the analysis of a single-cell
RNA sequencing dataset (GSE118904) generated from mouse
tumor and normal endothelial cells revealed that the level of CHIP
expression was greatly increased in tumor endothelial cells
(Fig. 2K).
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No metastasis Metastasis

Time (months)
N=32

Next, we examined the specific roles of CHIP in Nrdp1 expression.
As depicted in Fig. 2L, Nrdp1 protein was reduced in a dose-
dependent manner upon transiently expressing green fluorescent
protein (GFP)-tagged CHIP in 293T cells. Conversely, knockdown of
endogenous CHIP by short-hairpin RNAs (shRNAs) increased Nrdp1
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VECs in tumors present lower expression of Nrdp1 protein. A Two representative images of IHC analysis for Nrdp1 protein in CRC

samples corresponding primary tumor tissues (Tumor) as well as paired distal colon mucosa (Normal). VECs were estimated by CD31 staining.
Scale bar, 10 pm. Vessel (V), normal tissues (N), tumor tissues (T). B Relative quantification of Nrdp1 protein levels in tumor cells and paired
epithelial cells from 74 cases of CRC samples. The numbers in parentheses represent those of samples with identical IRS scores. Data were
analyzed by paired two-tailed Student’s t-test. C RNA-seq data analysis from TCGA COAD cohorts. Data were analyzed by unpaired two-tailed
Student’s t-test. D Relative quantification of ecNrdp1 protein levels between tumor tissues and paired normal tissues from (B). The numbers in
parentheses represent those of samples with identical IRS scores. Data were analyzed by paired two-tailed Student’s t-test. E Representative
images of IHC staining of Nrdp1 expression on gastric, renal, lung cancer, and corresponding normal tissues. Scale bar, 10 pm. Vessel (V).
F, G Analysis of the correlation between ecNrdp1 protein levels and metastasis in CRC patient samples. Data were analyzed by Pearson’s x*
test. H Kaplan-Meier estimates of progression-free survival of CRC patients with high and low ecNrdp1 expression. Statistical difference was

determined by log-rank test.

protein (Fig. 2M). Of note, GFP-CHIP overexpression in 293T cells did
not alter Nrdp1T mRNA level (Supplementary Fig. 2F). Moreover,
MG132 but not the autophagy-lysosomal inhibitor Chloroquine (CQ)
blocked CHIP-induced Nrdp1 degradation (Fig. 2N), indicating that
CHIP is responsible for Nrdp1 protein stability. Furthermore, co-
immunoprecipitation (co-IP) with an anti-Flag antibody revealed a
significant interaction between transiently overexpressed Flag-CHIP
and GFP-Nrdp1 (Fig. 20), and Flag-Nrdp1 was abundantly ubiquity-
lated upon CHIP expression (Fig. 2P). Collectively, the stability of
ecNrdp1 is mediated by CHIP in a ubiquitin-dependent manner.

Deficiency of ecNrdp1 facilitates cancer cell metastasis in vivo
All above-mentioned observations promoted us to investigate the
possible role of ecNrdp1 in tumor metastasis. As for this, we
initially utilized gene-targeting strategies to generate Nrdp1
floxed alleles, in which exons 3 and 7 were flanked b%/ loxP sites,
to create Nrdp1™" mice [40, 41]. By crossing Nrdp1™ mice with
the Tek (Tie2)-cre strain, which drives endothelial deletion of
Nrdp1, we successfully obtained Nrdp1™<<" mice (ecNrdp1
knockout) (Fig. 3A). The efficient deletion of Nrdp1 was confirmed
at mRNA and protein levels in isolated MLECs and aortic
endothelium but not liver, heart and brain in Nrdp1™%"® mice
(Fig. 3B, C, Supplementary Fig. 3A, B). It is worth noting that
ecNrdp1-knockout mice were born with normal proportions, and
no adverse effects on body weights or survival rates were
observed relative to wild-type littermate controls during the
experiment. Next, we injected B16 melanoma cells through the tail
vein into Nrdp17®¢“"® mice with wild-type mice as controls, and
found that three weeks post-injection, ecNrdp1-knockout mice
displayed a six-fold increase in lung metastatic nodules compared
to wild-type littermate controls, together with a greater abun-
dance of metastatic foci within the lungs, without affecting
immune cell infiltrations (Fig. 3D-F, Supplementary Fig. 3C).
Similar results could also be seen upon injection with mouse Lewis
lung carcinoma cells (LLCs) (Fig. 3G-J) and luciferase-expressing
B16F10 melanoma cells (Supplementary Fig. 3D-G). To exclude
the possibility that ecNrdp1-knockout impacts tumorigenesis,
we also subcutaneously inoculated B16 cells in both WT and
Nrdp17<<"® mice, and showed that ecNrdp1 deficiency did not
affect primary tumor growth (Supplementary Fig. 3H), supporting
that ecNrdp1 knockout increases matastasis rather than influences
cancer cell growth.

Tek-Cre mouse models also show some degree of Cre
recombinase activity in the hematopoietic lineage [41], and a
complete knockout of Nrdp1 in the bone marrow (BM) cells of
Nrdp17“® mice could also be seen (Fig. 3B). It has been
previously reported that Nrdp1 deficiency does not affect immune
cell distribution, but enhances CD8™ T cell activation and interferes
with cytokine production in macrophages [42, 43]. In line with
these previous reports, Nrdp17*"® mice showed no impact on the
distribution of immune cells (Supplementary Fig. 3l), but exhibited
heightened levels of antitumor cytokines in CD8" T cells (IFNy, IL-2,
and GZMB), along with elevated expression of proinflammatory
cytokines (IL-6 and TNFa) in macrophages (Supplementary Fig. 3J).
Additionally, the function of tumor-infiltrating immune cells was
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also altered, evidenced by enhanced activation of antitumor CD8"
T cells (as measured by CD69) and increased production of IL-6 and
TNFa by macrophages (Supplementary Fig. 3K). Importantly, even
though the function of these immune cells was altered, Nrdp1
deficiency did not affect the primary tumor growth.

To exclude the potential interference of hematopoietic cells-
derived Nrdp1 on tumor metastasis, we crossed Nrdp1™® mice
with the VEC-specific Cdh5 (VE-cadherin)-cre strain to generate
Nrdp1<9"><"¢ mice, which showed the specific deficiency of Nrdp1
in VECs (Supplementary Fig. 3L), and parallel metastatic experi-
ments in ecNrdp1-knockout mice with the Cdh5 (VE-Cadheirn)-cre
strain were performed. Consistently, the ecNrdp1-knockout mice
generated by Cdh5-Cre also exhibited a dramatically increased
number of metastatic foci within the lungs compared to the WT
group (Fig. 3K-M, Supplementary Fig. 3M-0), without influencing
the proportion of tumor—inﬁltratincg immune cells (Supplementary
Fig. 3P). By the way, Nrdp1¢"> mice did not affect primary
tumor growth (Supplementary Fig. 3Q). Collectively, ecNrdp1
deficiency facilitates metastasis of cancer cells.

EcNrdp1 deficiency has no effects on VECs-tumor cell
adhesion and VEC gap junctions

To understand the mechanism by which ecNrdp1 deficiency
promotes cancer metastasis, we utilized CRISPR-Cas9 with single
guide RNA to specifically knock down Nrdp1 in freshly isolated
HUVECs, together with scramble sgNC as a control (Fig. 4A). Our
results showed that Nrdp1 deficiency in HUVECs did not affect
morphology and cell growth, and had also no influence on cell
senescence, as estimated by percentage of -Gal positive cells
(Supplementary Fig. 4A-C), which is believed to be responsible for
tumor metastasis [17]. Similarly, MLECs from the ecNdrp1 knock-
out also displayed no differences from those without knockout in
terms of the morphology and proliferation capacity of MLECs
(Supplementary Fig. 4D, E).

When cancer cells get trapped in blood circulation, the initial
step is to facilitate tumor cell adhesion to the endothelial layer
[2, 44]. To evaluate whether VECs with Nrdp1 deficiency has a
stronger ability to recruit circulating tumor cells, red CMTPX
fluorescence-labeled cancer cells were co-cultured with a mono-
layer state of green CMTPX fluorescence-labeled HUVECs or MLECs
with or without Nrdp1 knockout (Fig. 4B, Supplementary Fig.
4F, G), and found that ecNrdpl1 deficiency did not foster
recruitment and augmentation of interactions of VECs with cancer
cells. Consistently, ecNrdp1 deficiency did not also affect
expressions of cell adhesive molecules, such as E-selectin, vascular
cell adhesion molecule 1 (VCAM-1), and intercellular cell adhesion
molecule 1 (ICAM-1) (Fig. 4C). Also, ecNrdp1 deficiency failed to
impact protein levels and distributions of VE-cadherin and zonula
occludens 1 (ZO-1) in HUVECs (Fig. 4A, D, E) and the retinal blood
vessels freshly isolated from ecNrdp1-knockout mice (Fig. 4F, G),
which represent the major tight junction and adherens junction
molecules that support the endothelial barrier and vessel home-
ostasis [45, 46]. Considering that the intimate spatial relationship
between pericytes and endothelial cells is still crucial for the
integrity of capillary structures [47, 48], we further analyzed the
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coverage of pericytes in NG2-positive retinal blood vessels. As
shown in Fig. 4H, retina from ecNrdp1-knockout mice still
displayed intact pericyte coverage of the blood vessels, indicating
that ecNrdp1 deficiency does not affect the gap junctions

between pericytes and VECs.
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EcNrdp1 deletion disrupts the integrity of VBM

Another critical and rate-limiting step in the metastatic process
involves the degradation and invasion of the VBM to create an
opening for distant localization. VBM, also known as a secondary
barrier, is a specialized dense sheet-like protein network

Oncogene (2024) 43:1836-1851



Q. Li et al.

Fig. 2 Cancer cells secreted VEGF induces Nrdp1 degradation in VECs. A Western blot analysis for indicated proteins in HUVECs under
normoxia and hypoxia for 24 h. B HUVECs were treated with CM from normoxia or hypoxia-induced MDA-MB-231 cells, and VEGF in CM of
cancer cells was quantified by ELISA, and the indicated proteins in the corresponding cells were blotted. The relative Nrdp1 levels in HUVECs
were shown on the right panel (n = 3). C Western blot analysis of the Nrdp1 protein in HUVECs treated with CM from normoxia (N-CM) or
hypoxia (H-CM)-induced MDA-MB-231 cells with or without Bevacizumab. The relative Nrdp1 levels in HUVECs were shown at the bottom
(n =3). D Proteins as indicated were blotted in HUVECs treated with indicated doses of VEGF for 24 h, and the relative Nrdp1 and CHIP levels
in HUVECs were shown. E HUVECs were treated by VEGF (40 ng/ml) with or without Bevacizumab or Cabozantinib for 24 h and indicated
proteins were blotted. The quantification of Nrdp1 protein bands was shown on the right (n = 3). F Fluorescent staining of CD31 and Nrdp1 in
mouse retinal vasculature at postnatal day 6. The yellow and white arrowheads pointed to tip cells and stalk cells, respectively. Scale bar,
50 pm. G qRT-PCR analysis of Nrdp1 mRNA abundances in the indicated doses of VEGF-treated HUVECs. H Western blotting of Nrdp1 proteins
(left) and relative quantification of Nrdp1 levels (right) in HUVECs treated with or without VEGF (40 ng/ml) in the presence of 50 pg/ml CHX for
indicated times. I HUVECs were treated with or without VEGF (40 ng/ml) and 10 pM MG132 for 8 h, and the indicated proteins were blotted.
The relative Nrdp1 levels in HUVECs were shown at the bottom (n = 3). Non-specific bands labelled with *. J gRT-PCR analysis of CHIP mRNA
abundances in HUVECs with indicated doses of VEGF stimulation. K Nrdp1 mRNA expression in mouse normal and tumor endothelial cells
from GSEA database (GSE118904). Western blot analysis of indicated proteins in 293T cells transfected with gradient concentration of GFP-
tagged CHIP (L) or shRNA targeting CHIP along with shNC as a negative control (M). N Western blot analysis of indicated proteins in 293T cells
transfected with GFP-tagged CHIP followed by treatment with DMSO, 10 pM MG132, and 50 pM CQ for 8 h. O 293T cells co-transfected with
GFP-tagged Nrdp1 and Flag-tagged CHIP were subjected to immunoprecipitation with an anti-Flag antibody. Western blot of Flag- and GFP-
tagged proteins in the input and immunoprecipitates were shown. P Lysates from 293T cells transfected with GFP-tagged CHIP and Flag-
tagged Nrdp1 under 10 pM MG132 for 8 h were precipitated with anti-Flag antibody, and the precipitates were blotted for protein as
indicated. All experiments in A-E, G-J, L-P were repeated three times with similar results, and the numbers under the indicated protein blots
indicated relative quantification of protein bands. Error bars denote mean + SD. Statistical difference was determined by one-way ANOVA with

multiple comparisons (C, E, G, |, J) or two-tailed unpaired Student’s t-test (B, K) and P values were shown.

predominantly composed of laminin, collagen IV, and proteogly-
cans, which function as a physical barrier to support endothelial
cells and prevent tumor cells from dissemination [49-51]. There-
fore, we determined whether ecNrdp1 expression can alter VBM
integrity, as evaluated by immunofluorescent staining for two
VBM components, collagen IV and laminin a5 (a specific laminin
isoform) in the retinal blood vessels of ecNrdp1-knockout mice.
Consistent with the previous report [52], laminin a5 and collagen
IV showed uniform and patchy localization in VBM of postcapillary
venules in normal mice. However, larger gaps and more pores
upon these two VBM components staining were observed in
ecNrdp1-knockout mice (Fig. 5A-C), suggesting that ecNrdp1
deficiency might induce abnormal deposition or dysregulated
degradation of VBM components. Further, we exposed HUVECs
with or without Nrdp1 knockout on the pre-coated matrigel
surface in a confluent monolayer status to simulate the normal
vascular wall structure in vitro, and the results demonstrated that
pan-laminin and perlecan in the basement membrane were
dramatically degraded beneath Nrdp1-deficient endothelial cells
(Fig. 5D-F). All these observations verified that ecNrdp1 deletion
could degrade the extracellular matrix (ECM), leading to apparent
holes in VBM.

On the other hand, CD31 and alpha-smooth muscle actin
staining showed the shedding of endothelial cells from the aorta
in ecNrdp1-knockout mice, although no obvious alterations in the
cellular structure existed, including the endothelium and smooth
muscle layer (Fig. 5G). Furthermore, transmission electron micro-
scopy (TEM) observation on blood vessels showed that the
endothelium lining the inner wall of the aorta of WT mice
exhibited a flat and smooth surface, while those in ecNrdp1-
knockout mice were uneven and rough (Fig. 5H). Under scanning
electron microscopy (SEM), an irregular endothelial lamina cover
could also be seen in the aorta from ecNrdp1-knockout mice
(Supplementary Fig. 5A). Additionally, the tunica intima of the
aorta was strikingly disrupted in the ecNrdp1-knockout mice
under TEM (Fig. 5H). Similar results were observed in ecNrdp1-
knockout mice under the control of the Cdh5 promoter
(Supplementary Fig. 5B), indicating that ecNrdp1 deficiency could
impair the integrity of the internal elastic membrane and thus
contribute to vascular structure abnormalities.

Pulmonary capillaries are regarded as a prime site for tumor
cell extravasation during the lung metastatic process [53], and
the endothelial cells are essential for maintaining the integrity
of the pulmonary vasculature and facilitating gas exchange in
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the respiratory system. Thus, we also observed the ultrastruc-
ture of the lung blood capillaries under TEM. As expected, the
ecNrdp1-knockout mice showed significant abnormal detach-
ment between endothelium and VBM compared to wild-type
mice, and the shedding of endothelial cells into the vascular
lumen resulted in a substantial extrusion of red blood cells
(Fig. 5I), consistent with the reduced adhesive capacity of
endothelium to the underlying VBM. This was also observed in
ecNrdp1-knockout mice under the control of Cdh5 promoter
(Supplementary Fig. 5C). All these data indicate that ecNrdp1
deficiency could contribute to VBM degradation, leading to the
disruption of the vasculature and detachment of endothelial
cells from the VBM. Based on the notion that there might be a
direct connection between detached endothelium and tumor
metastasis as previously reported [54], these results suggest
that ecNrdp1 may provide a crucial molecular signal in driving
tumor metastasis.

Deficiency of ecNrdp1 enhances cancer cells to penetrate
blood vessels

To further determine whether VBM degradation is highly
correlated with tumor metastasis, we performed the in vitro
trans-endothelial migration assay to mimic tumor metastasis. For
this purpose, HUVECs with or without Nrdp1 were seeded on the
pre-coated matrigel surface, allowing them to form a confluent
monolayer. Then, DU145 cells were cultured at the top of the
confluent monolayer. After 24 h, transmigrated DU145 cells in the
bottom layer of the chamber were counted. As depicted in
Fig. 5J-L, more DU145 cells infiltrated the artificial vasculature by
ecNrdp1-knockout HUVECs than those by wild-type HUVECs,
which could be antagonized by re-expression of Nrdp1. Moreover,
the permeability of HUVECs monolayer with Nrdp1 deletion was
also increased, as detected by 70-kDa FITC-dextran as an
intermediator, which could be partially reversed by re-expression
of Flag-Nrdp1 (Fig. 5M). Cumulatively, these observations indi-
cated that Nrdp1-deficient endothelial cells may provide heigh-
tened molecular signals to actively disrupt the integrity of the
VBM, thus facilitating tumor metastasis.

Deletion of ecNrdp1 facilitates metastasis by Fam20C
expression

We postulated that Nrdpi-deficient VECs could secrete some
molecules to induce VBM degradation and thus cancer metastasis.
Indeed, CM from Nrdp1-deficient MLECs and HUVECs significantly
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Fig. 3 Deficiency of ecNrdp1 facilitates cancer cell metastasis in vivo. A Schematics of the gene-targeting strategies to generate floxed
alleles of RNF41 (Nrdp1) to create Nrdp1™? mice. B Western blot analysis of Nrdp1 protein in freshly isolated MLECs and BM cells from
ecNrdp1-knockout and wild-type mice. The symbol * indicated non-specific band. C Representative IHC images of the aorta from wild-type
and ecNrdp1-knockout mice. Arrows indicate endothelium. Scale bar, 25 pm. B16 cells (D-F) and LLC cells (G-1) were injected intravenously
into ecNrdp1-knockout mice (B16, n=5; LLC, n=10) or wild-type littermate controls (B16, n=5; LLC, n = 10). Macroscopy of lungs with
macrometastatic foci (D, G) and quantification of the macrometastatic lung foci per mouse (E, H), and haematoxylin and eosin (H&E) staining
of lung metastatic area were shown (F, I). Scale bar, 500 pm. J Statistics of lung metastatic incidence in LLC-bearing Nrdp1™% and Nrdp1Te*<
mice. K-M B16 cells were injected intravenously into Cdh5-cre-driven ecNrdp1-knockout mice (n=5) compared with wild-type littermate
controls (n = 5). Macroscopy of lungs (K), the number of macrometastatic lung foci (L), and HE staining of metastatic area within the lung (M)
were shown. Scale bar, 500 pm. All quantitative data were shown as mean + SEM. P values were measured by unpaired two-tailed Student’s
t-test.

18 downregulated proteins in both Nrdp1-deficient HUVECs and
MLECs (Fig. 6E, Supplementary Fig. 6C). In order to identify the key

promoted the invasion ability of cancer cells, including mouse-
derived B16 or B16F10 and human-derived DU145 or HCT116

cells, as estimated by the transwell assay (Fig. 6A-D). To identify
the endothelial cells-derived factor(s) that facilitates tumor
metastasis, ultra-centrifugal filters were utilized to separate the
supernatant with >10-kDa and <10-kDa. We showed that the
supernatant from >10-kDa enhanced DU145 cell invasion
(Supplementary Fig. 6A, B), demonstrating that molecules greater
than 10-kDa in CM contribute to ECM degradation. On the other
hand, we performed label-free LC-MS spectrometry analysis to
detect the released proteins from the CM from HUVECs and MLECs
with 10-kDa centrifugal filters and identified 33 upregulated and

SPRINGER NATURE

endothelial cells-derived molecules that are responsible for ECM
degradation, we knocked down expression of the top 10 and
other randomly selected 8 genes among the 33 upregulated
genes by their specific shRNAs in HUVECs with Nrdp1 deficiency
(Fig. 6E, Supplementary Fig. 6D). The results revealed that
knockdown of Fam20C (a typical member of Fam20 family) and
Basigin (BSG) almost completely counteract the pro-invasion abilities
of CM from Nrdp1-deficient HUVECs (Supplementary Fig. 6E, F).
Moreover, recombinant Fam20C protein could significantly enhance
metastatic ability of tumor cells (Supplementary Fig. 6G). Fam20C,
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Fig. 4 EcNrdp1 deficiency has no effect on VECs-tumor cell adhesion and VEC gap junctions. A Western blot analysis of indicated proteins
in HUVECs transduced by lentiviruses encoding CAS9 and gNrdp1 along with gNS as a non-specific control. B Red CMTPX-labeled DU145 cells
were co-cultured for 30 min with Green CMTPX-labeled HUVEC-gNS and HUVEC-gNrdp1 to assess adhesion ability to HUVEC monolayers.
Representative micrographs (left) and quantification (right) are shown (n=3). Scale bar, 100 pm. C Western blot analysis of proteins as
indicated in freshly isolated MLECs from ecNrdp1-knockout and wild-type mice. Immunostaining of VE-cadherin (D), ZO-1 (E), and Phalloidin in
HUVECs with Nrdp1 knockout by CRISPR-Cas9 and control. Nuclei were re-stained by DAPI. Scale bar, 20 pm. Immunostaining of VE-cadherin
(F), ZO-1 (G), and CD31 in the retinal blood vessels of Nrdp1"" and Nrdp1™<"® mice. High magnification of small cappllaies (yellow-boxed)
and venules (white-boxed) were shown on the right. Scale bar, SO#m. The yellow and white arrows pointed to intercellular bridging and
intercellular contact, respectively. H Representative images of Nrdp1™® and Nrdp 1™ VECs (CD31) surrounded by pericytes (NG2). Scale bar,
25 um. Direct contact between endothelial cells and pericytes was quantified by colocalization analysis (right, n = 3). All quantitative data were
shown as mean * SD. Statistical significance was determined by unpaired two-tailed Student’s t-test and P values were shown.

which encodes a secretory kinase involved in phosphorylating To address roles of Fam20C in ecNrdp1-mediated metastasis,
numerous secreted proteins, including ECM, has been reported to we initially detected the secreted Fam20C from CM by centrifuge
drive invasion in several cancer cells [55-57]. Therefore, we focused concentration. With cystatin C, a kind of cysteine protease
on Fam20C, and the potential role of BSG remained to be inhibitor [58], as a loading control, knockdown of ecNrdp1
illuminated in the future. significantly enhanced Fam20C secretion in HUVECs and MLECs,
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which were abrogated by shRNA-mediated Fam20C knockdown
(Fig. 6F, G, Supplementary Fig. 6H). In line, Fam20C knockdown
inhibited the DU145 cell invasion ability under CMs from HUVECs
with and without Nrdp1 deficiency (Fig. 6H, I), suggesting that
Fam20C produced by endothelial cells can act as an active signal
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to promote ecNrdp1 deficiency-mediated pro-metastasis ability.
Fam20C has been reported to be necessary for tumor cells to
invade the VBM, which predominantly relies on its kinase activity
[55]. In line with this, CM with more Fam20C could enhance the
phosphorylation level of VBM components (Fig. 6J). These findings
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Fig. 5 EcNrdp1 deletion disrupts the integrity of vascular basement membrane. Retinal blood vessels were stained (A, B) and the relative
degradation % (C) for the Laminin «5 and Collagen IV were measured in Nrdp1™" and Nrdp1™%<® mice (n=6). Scale bar, 20 pm.
Immunostaining (D, E) and the relative degradation % (F) for pan-laminin and perlecan in the matrigel beneath the seeded monolayer of
HUVECs-gNS and HUVECs-gNrdp1 (n = 6). Nuclei were stained by DAPI. Scale bar, 50 pm. Representative images of HE staining (Scale bar,
50 um) with immunofluorescence staining of the indicated proteins (Scale bar, 50 pm) (G) and TEM (H) of the aorta from 8-week-old Nrdp17<
¢ mice and their littermate control Nrdp1™® mice (Scale bar, left, 10 pm; right, 5 pm). L, EC, and EL indicate lumen, endothelial cells, and
elastin, respectively. Yellow arrowheads in G ?ointed to detached endothelial cell from the vessel wall. | Representative images under TEM
observation of pulmonary capillary of Nrdp1™*“™® and control Nrdp1™? mice (Scale bar, 500 nm). Yellow arrowheads pointed to detached
endothelial cell from the VBM. EC, EP, and RBC indicate endothelial cells, epithelial cells, and red blood cells, respectively. J Western blot
analysis of indicated proteins in HUVECs with or without Nrdp1 knockout, along with retroviruses expressing Flag-Nrdp1. Representative
micrographs (K, Scale bar, 100 pm) and Quantification (L, n=3) of transmigrated DU145 cells in artificial vasculature system. M The
fluorescence intensity of dextran was measured in lower chamber normalized to HUVEC-gNS cells (n = 3). All quantitative data were shown as
mean + SD. Statistical significance was determined by two-tailed unpaired Student’s t-test (C, F) and one-way ANOVA with multiple

comparisons (L, M). All experiments in K-M repeat three times with each triplicate.

indicate that the accelerated tumor metastasis caused by ecNrdp1
deficiency may be attributed to Fam20C expression and its kinase
activity.

Nrdp1 promotes Fam20C degradation via the lysosomal
pathway

Given that antibody to detect intracellular Fam20C is unavailable,
we ectopically expressed Flag-tagged Fam20C into 293T cells, and
the results showed that GFP-tagged Nrdpl expression dose-
dependently decreased intracellular and secreted Flag-tagged
Fam20C protein without effect on its mRNA (Fig. 6K, L). As Nrdp1 is
a RING finger-type of ubiquitin E3 ligase [24-27, 42], we assessed
whether Nrdp1 facilitates Fam20C degradation upon its E3 ligase
activity. As for this, 293T cells were transfected with Fam20C-Flag
and GFP-Nrdp1, followed by treatment with proteasome inhibitors
MG132 and PS341 as well as lysosome inhibitors CQ and NH,CL.
The results revealed that Nrdp1 overexpression-induced reduction
of Fam20C accumulation and secretion was dramatically blocked
under treatment with CQ and NH,4CL but not MG132 and PS341
(Fig. 6M), suggesting that Nrdp1-mediated Fam20C degradation is
regulated by the lysosome. Notably, previous reports revealed that
two residues in the RING finger of Nrdp1 (C34 and H36) regulate
its E3 enzyme activity [24]. Here, we identified that C34S/H36Q
mutants could still reduce Fam20C expression to a similar degree
as wild-type Nrdp1 (Fig. 6N), excluding the possibility that Nrdp1-
mediated Fam20C degradation was dependent on its E3 ligase
activity.

Increased ecNrdp1 by gene delivery or chemical induction
alleviates lung metastasis in mice

To evaluate whether increased ecNrdp1 expression can alleviate
cancer cell dissemination, we intravenously injected AAV into mice
(Supplementary Fig. 7A), carrying the GFP or mouse Nrdp1-Flag
(mNrdp1-Flag) gene under the control of the endothelial cell-
specific Tie 2 promoter. On day 21 after AAV infection, specific
expression of mNrdp1-Flag protein was confirmed in isolated
MLECs (Supplementary Fig. 7B) but not in other organs such as
heart, liver, and brain of mice (Supplementary Fig. 7C). To
elucidate the role of ecNrdp1 on tumorigenesis, we subcuta-
neously transplanted B16 cells into C57BL/6 mice and showed that
gain-of-function of ecNrdp1 has rare influence on primary tumor
growth (Supplementary Fig. 7D, E) and the proportions of tumor-
infiltrating immune cells (Supplementary Fig. 7F). Subsequently,
we injected B16 melanoma cells into the tail veins of C57BL/6
mice. Twenty days later, mice were sacrificed, and found that
specific ecNrdp1 overexpression significantly reduced lung meta-
static nodules in mice with AAV-mNrdp1-Flag infection compared
to control mice with AAV-GFP infection (Fig. 7A, B), which did not
affect the infiltration of immune cells (Supplementary Fig. 7G). The
similar result could also be seen by HE staining for pathological
evaluation and in BALB/c mice (Fig. 7C, D, Supplementary Fig.
7H, 1), which are known to be more susceptible to metastasis of
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B16 cells compared to C57BL/6 mice [59]. Moreover, we
intravenously injected B16 cells into ecNrdp1-knockout mice with
AAV-mNrdp1-Flag or AAV-GFP infections. Following the procedure
shown in Supplementary Fig. 7A, we observed that the increased
lung metastatic nodules in ecNrdp1-knockout mice was comple-
tely abolished upon ecNrdp1 gain-of-function therapy (Fig. 7E, F).

Next, we investigated the effect of the Nrdp1 activator, ABPN,
which has been shown to induce Nrdp1 expression and exhibit
antitumor activity against certain cancer cells [30]. Indeed, ABPN
obviously induced Nrdp1 expression in HUVECs without triggering
apoptosis, as estimated by caspase 3 activation (Fig. 7G). We
further evaluated the in vivo activity of ABPN using the metastatic
model (Fig. 7H). Western blot analysis revealed a distinct increase
in the Nrdp1 protein levels in isolated MLECs before cancer cell
injection (Fig. 7I). In parallel, sustained injection of ABPN every
other day significantly reduced lung metastatic foci in BALB/c
mice compared to controls (Fig. 7J, K, Supplementary Fig. 7J), with
no noticeable alteration in body weights (Supplementary Fig. 7K).
To address whether the inhibitory effect of ABPN on metastasis
may be attributed to its direct impact on melanoma cells, we
exposed B16 cells to increasing concentrations of ABPN and found
no discernible influence on apoptosis or Nrdp1 protein levels
(Supplementary Fig. 7L). Especially, ABPN treatment presented
similar effects on lung metastasis of B16 cells with and without
Nrdp1 silence (Supplementary Fig. 7M, N). These findings support
the notion that ABPN'’s inhibition of tumor metastasis depends on
ecNrdp1 rather than tumoral Nrdp1. Interestingly, ABPN treatment
seems to have a stronger inhibitory effect on tumor metastasis
than ectopic ecNrdp1 expression (Fig. 7C, J), probably because
ABPN has other potential targets besides Nrdpl1 that may
synergistically contribute to antitumor metastatic ability, which
remains to be further investigated.

DISCUSSION

Tumor metastasis can be portrayed as a multi-step succession of
events termed the invasion—-metastasis cascade, which eventually
lead to the outgrowth of metastatic nodules in distant tissues [60].
As the first part of this process, cancer cells intravasate into nearby
vessels and enter the circulation, subsequently entering secondary
organ sites. The final step of the metastatic cascade involves the
outgrowth and propagation of disseminated tumor cells into overt
tumors at the metastatic site. To form invade and metastases, the
microenvironment needs to be adapted to favor remodeling of
the ECM, immune cell inhibition, and angiogenesis [4, 60]. In these
events, tumor endothelial cells and their interaction with cancer
cells exert an important role [61]. It has been well known that
upon the solid tumor growth, a tumor microenvironment with
hypoxia, ischemia, acidosis, and high interstitial pressure is
gradually developed, which releases abundant growth factors
and cytokines such as VEGF. These chemokines not only stimulate
angiogenesis and lymphangiogenesis to meet the needs of tumor
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growth and metabolism but also act by recruiting various
peripheral blood cells from the circulation into the tumor
microenvironment. VEGF, a crucial secretory factor that maintains
human endothelial function and promotes cell mitosis and
vascular permeability, plays an irreplaceable role in tumor growth,
angiogenesis, invasion, and metastasis [16, 62]. Based on a
dramatically reduced Nrdp1 protein in tumor-associated VECs
and its correlation with higher metastatic probability, herein we
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showed that the CM from hypoxia-treated cancer cells induced
extensive Nrdp1 downregulation in HUVECs and MLECs. For this
event, we identified that cancer-derived VEGF was a major player
because neutralizing VEGF with bevacizumab and VEGFR2
inhibitor Cabozantinib significantly abrogated ecNrdp1 decrease
induced by CM from hypoxia-treated cancer cells. Especially,
recombinant human VEGF also dose-dependently reduced Nrdp1
protein in HUVECs and MLECs, and VEGF may account for lower
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Fig. 6 Deletion of ecNrdp1 facilitates metastasis by Fam20C expression. Representative images (A, C, Scale bar, 100 pm) and numbers of
invasion for cancer cells (B, D) (n = 3) as indicated upon treatment with CM from freshly isolated MLECs of Nrdp1™® and Nrdp1™<"® mice
(A, B) and HUVECs with or without Nrdp1 knockout (C, D). E Heatmap showing Nrdp1-mediated 33 upregulated proteins in CM from HUVECs
and MLECs. Western blot analysis of the indicated proteins in serum-free CM from HUVECs with Nrdp1 and/or Fam20C knockdown (F) and
MLECs from Nrdp1™% and Nrdp1™<"® mice (G). Representative images of DU145 cell invasion (H, Scale bar, 100 pm) and numbers of invasion
for tumor cells (n=3) (I) upon treatment with CM from HUVECs with Nrdp1 and/or Fam20C knockdown. J Western blot analysis of
phosphorylated proteins in matrigel by anti-PY99 antibody upon treatment with serum-free CM from HUVECs with or without Nrdp1
knockout. Recombinant Fam20C protein was added as a positive control. K 293T cells were transfected with Fam20C-Flag and increasing
doses of GFP-tagged Nrdp1, and the indicated proteins in cell lysate or CM were blotted. L 293T cells were transfected with increasing doses
of GFP-tagged Nrdp1, and Fam20C mRNA was quantified by qRT-PCR (n = 3). 293T cells were transfected with Fam20C-Flag and GFP-Nrdp1
(M) or GFP-Nrdp1-C34S/H36Q (N), followed by treatment with inhibitors. The indicated proteins in cell lysates or CM were blotted. All
quantitative data were shown as the mean + SD. Statistical significance was determined by two-tailed unpaired Student’s t-test (B, D) and one-
way ANOVA with multiple comparisons (I, L). All experiments in A-D, H-1 were repeated three times with each triplicate. The experiments in

G, J, K-N were repeated three times with similar results.

ecNrdp1 expression under physiological conditions, as estimated
in mouse retinal vasculature. Further, we showed that VEGF
degraded Nrdp1 protein in a ubiquitin-proteasome-dependent
manner. On the other hand, we showed that VEGF stimulated
transcriptional expression of CHIP in HUVECs. A single-cell RNA
sequencing dataset also revealed that the level of CHIP expression
was greatly increased in mouse tumor endothelial cells than
normal endothelial cells. CHIP is a member of a family of U-box
ubiquitin E3 ligases that regulates the stability and functions of
multiple proteins in different cell types, such as NF-kB-inducing
kinase, runt-related transcription factor 2, multiple TRAF family
members (TRAF2, TRAF5, and TRAF6), and others, which plays
critical roles in neurodegeneration, immunity, inflammation, and
bone remodeling and aging, as reviewed [63]. Indeed, CHIP
interacted with and triggered ubiquitination of Nrdp1 protein.
Notably, how VEGF activates CHIP expression and whether CHIP-
induced Nrdp1 ubiquitination is chaperone protein-dependent or
-independent remains to be further investigated.

VBM has traditionally been perceived as a static protein network
that provides structural support for tissues. Recently, increasing
studies have focused on the multiple roles of VBM in develop-
ment, cell migration, polarity, and tumor metastasis [64, 65]. More
interestingly, lung metastasis of cancer cells rather than primary
tumor growth was significantly increased in conditional knock-
down of Nrdp1 in VECs driven by either Tek (Tie2)-cre or Cdh5-cre.
Although ecNrdp1 deficiency did not alter VECs-tumor cell
adhesion and gap junctions between pericytes and VECs, we
showed that ecNrdp1 knockdown could degrade the ECM, thus
disrupting the integrity of VBM and enhancing the ability of
cancer cells to penetrate blood vessels in vivo and in vitro. To
physically extravasate blood vessels and further seed distant
organs, proteases that are produced by several cell types in the
tumor environment are required for proteolytic degradation.
Despite cleaving cell adhesion molecules and degrading the
basement matrix, the proteases can also facilitate cancer
metastasis by promoting protease-based cell signaling activation
[66]. Based on these findings, we showed that knockdown of
Fam20C and BSG almost completely counteract the ability to
promote cancer cell invasion of CM from Nrdp1-deficient HUVECs.
Because it has been well known that Fam20C can drive invasion in
several cancer cells by its kinase activity, which phosphorylates
numerous secreted proteins, including ECM [55-57], we focused
on role of Fam20C. Indeed, ecNrdp1 knockdown significantly
enhanced Fam20C secretion in HUVECs and MLECs and inhibited
the DU145 cell invasion ability under CM from HUVECs. Finally, we
showed that Nrdp1 promotes Fam20C degradation in endothelial
cells. However, the degradation was independent E3 ligase activity
of Nrdp1, and the lysosomal pathway appeared be required for
this. How Nrdp1 induced lysosome-dependent Fam20C degrada-
tion remained to be future investigated.

The AAV system with genetic modification has emerged as a
leading platform for precise gene delivery in clinical therapy for
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various diseases. Therefore, we employed this system to achieve
endothelial cell-specific overexpression of Nrdp1 in mice. The
results showed that AAV-mNrdpi-Flag infection remarkably
inhibited tumor metastasis in C57BL/6 or BABL/c mice and also
antagonized ecNrdp1 knockout-increased lung metastasis. It is
worthwhile to point out that we did not show that ABPN increased
Nrdp1 expression and induced death in B16 cells like previously
seen in BxPC3 and HPAC pancreatic cancer cell lines [30]. The
reasons to cause the discrepancy remain to be investigated.
However, we did show that ABPN could upregulate ecNrdp1
expression in vitro and in vivo. In line, ABPN effectively prevented
Nrdp1-mediated lung colonization of melanoma cells. All these
data support the therapeutic potential to interfere ecNrdp1
expression.

In summary, we explored a new mechanism for VEGF to
enhance cancer metastasis by degrading Nrdp1 and increasing
Fam20C secretion of vascular endothelial cells, and thus inducing
ECM degradation and increasing permeability of endothelium.

MATERIALS AND METHODS

Human colorectal cancer samples

Tissue microarrays of human colorectal tumors and paired adjacent normal
tissues were purchased from Shanghai TUFEI Biotech Co. (TF colon-01). The
microarray comprises a total of 74 paired patient tissues and 25
independent tumor cases after discarding the damaged sections. A
multi-organ microarray was purchased from Shanghai OUTDO Biotech Co.
(Horg C120PGO04).

Mice

Nrdp1"/ﬂ mice were established at GemPharmatech (Shanghai, China). Tek
(Tie2)-Cre (Strain #: 004128) or Cdh5-Cre mice (Strain #: 006137) were
generous gifts from Pro. Jun-Ke Zheng in our laboratory. Nrdp1™ mice
were further crossed with Tek (Tie2)-Cre or Cdh5-Cre mice to achieve
specifically deletion of Nrdp1 in endothelial cells (termed as ecNrdp1-
knockout mice). C57BL/6 mice and BALB/c mice were purchased from
GemPharmatech. These mice were randomly assigned to experimental
groups. All mice were housed in suitable temperature (22-25°C witha 12 h
light-dark cycle) and humidity environment with regular chow food and
water supplement. For treatment of ABPN, which was synthesized by
Shanghai Apeptide Co., Ltd according to previous research [67], ABPN
(1 mg/kg) was administered intravenously every other day. All Animal care
and experiments were performed in strict accordance with the “Guide for
the Care and Use of Laboratory Animals” and the “Principles for the
Utilization and Care of Vertebrate Animals” and were approved by the
committee for human treatment of animals at Shanghai Jiao Tong
University School of Medicine.

Lung metastasis assays

To establish mouse tumor metastasis models, suspensions of LLC (5 X 10°
cells per mouse), B16 (2.5 x 10° cells per mouse), or B16F10-luc (2 x 10°
cells per mouse) were intravenously injected into the tail veins of 6-to 8-
week-old ecNrdp1-knockout and wild-type littermate control mice. Twenty
days after cell injection, the number of lung metastases was calculated,
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Fig. 7 Increased ecNrdp1 by gene delivery or chemical induction alleviates lung metastatic burden in mice. B16 cells were intravenously
injected into C57BL/6 mice (A, B, n =8) or BALB/c mice (C, D, n = 10) after AAV administration. Macroscopy of lungs (A, C) and numbers of
macrometastatic lung foci (B, D) were shown. B16 cells were intravenously injected into Nrdp1“#h><"® mice after AAV administration.
Macroscopy of lungs (E) and numbers of the macrometastatic lung foci (F) were shown (n = 4). G Western blot analysis of indicated proteins in
HUVECs after ABPN administration for 24 h. H Scheme for the tumor model. ABPN was administrated intravenously every other day and
followed by melanoma tail vein injection on day 7. Black and yellow Arrows represent time point for ABPN and B16 cells injection, respectively.
I Western blot analysis of indicated proteins in freshly isolated MLECs from BALB/c mice after ABPN administration. #1-4 represent four mice
upon different treatment. J, K B16 cells were injected intravenously into BALB/c background mice after APBN administration (n=6).
Macroscopy of lungs (J), the number of macrometastatic lung foci (K) were shown. All quantitative data were shown as the mean + SEM.
Statistical significance was determined by two-tailed unpaired Student’s t-test.
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and lungs with metastatic foci were harvested and further fixed with 4%
paraformaldehyde for histological analysis. For metastatic colonization
visualization, mice were injected intraperitoneally with D-luciferin at a dose
of 150 mg/kg. After 10 min, images and photonic signal intensities were
quantified with an IVIS Spectrum.

Plasmids, shRNA, CRISPR-Cas9 and virus construction
Information on the plasmids is provided in Supplementary Table 1. ShRNAs
targeting genes or a normal control (NC) shNC were constructed and then
delivered using a lentivirus vector. To obtain Nrdp1 knockout cells,
sgNrdp1 sequences were constructed in the vector of pLentiV2-puro and
packaged into lentivirus. And then HUVECs were infected with lentivirus
and subjected to selection with puromycin. The target sequence was listed
in Supplementary Table 2. Nrdp1 coding sequence (CDS) was inserted into
a retroviral plasmid pBabe-puro and GFP-C1-vector. For rescue experiments,
Flag-tagged Nrdp1 CDS with multiple point mutations in sgNrdp1 target
sequence was inserted into the retroviral plasmid pBabe-puro. Retrovirus
was produced using lipofectamine 2000 transfection method with the
packaging plasmids gag-pol and VSVG, while lentiviral was packaged with
PMG2G and psPAX2. For AAV, the mNrdp1 ¢cDNA sequence with the Flag
sequence was cloned into the GPAAV2-Tie-MCS-tie enhancer-WPRE
plasmid. The AAV-mNrdp1-Flag and AAV-GFP constructs were generated
by Genomeditech (Shanghai, China). These constructs were delivered
through intravenous tail injection into mice at a dose of 5 x 10'® vg/mouse/
100 pl.

Cell lines and cell culture

HUVECs were freshly isolated from the human umbilical cord vein,
dispersed with 0.01% (w/v) collagenase/dispase solution (Roche) and
1 ug/ml DNase | at 37°C for 15 min, and then ECs were collected and
suspended in complete ECM medium (Sciencell). HUVECs that were
used for VEGF signaling pathway experiments were only cultured for up
to 4-6 passages in a complete medium. Primary MLECs were isolated
from mice as described [68, 69]. MLECs that were used for experiments
were only cultured for up to eight passages in a complete medium.
Human cell lines including 293T, DU145, and HCT116, mouse cell lines
including LLC, B16, and B16F10-luc were purchased from Cell Bank of
Chinese Academy of Sciences, Shanghai. MDA-LM2 and MDA-MB-231
were generous gifts from Pro. Qian Zhao (Shanghai Jiao Tong University
School of Medicine). These cells were authenticated and mycoplasma-
free. 293T, DU145, HCT116, MDA-LM2, MDA-MB-231, and LLC cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% FBS (Sigma), 100IU/ml penicillin, and 100 pug/ml
streptomycin. B16 and B16F10-Luc cells were cultured in DMEM/F12
(Gibco) with 10% FBS. These cells were humidified incubated at 37 °C
under 5% CO..

Immunoprecipitation and denaturing ubiquitination assay
293T cells were treated with 10 uM of the proteasome inhibitor MG132 for
8 h, harvested and lysed with 1xRIPA buffer (50 mM Tris-HCl, 150 mM Nadl,
1 mM EDTA, 1% NP-40, T mM PMSF, and 1xprotease inhibitor cocktail, PH
7.6) after transfection, and briefly sonicated. After centrifugation at
12,000x g for 10min, the supernatants of whole-cell lysates were
incubated with anti-Flag M2 beads (Sigma-Aldrich) at 4°C overnight
followed by five times wash with RIPA and then subjected to western
blotting analysis. For denatured IP ubiquitination assay, similarly, the
transfected cells were treated with MG132 for 8 h, and lysed in denatured
IP buffer (50mM Tris-HCI, pH 6.8, 2% SDS). To briefly dissociate
protein-protein interactions, cells were sonicated and boiled at 100°C
for 10 min. After centrifugation at 12,000 x g for 10 min at 4 °C, 900 ul of
supernatants was diluted by 9.1 ml 1xRIPA buffer and subjected to
immunoprecipitation with anti-Flag M2 beads, followed by western
blotting analysis to visualize polyubiquitylated protein bands.

Cell-free RNA-conditioned medium and LC-MS
HUVECs or MLECs were plated and incubated in serum-free medium for
24 h. The medium of each group was collected, centrifuged at 2000 X g for
10 min to remove debris, and the supernatants were concentrated using
10-kDa filtration system (Millipore). Total proteins were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

The eluted peptides were lyophilized using a SpeedVac (ThermoSavant)
and resuspended in 10ul 1% formic acid 5% acetonitrile. All mass
spectrometric experiments are performed on a Thermo Fusion Lumos mass
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spectrometer connected to an Easy-nLC 1200 via an Easy Spray (Thermo
Fisher Scientific). The peptides mixture was loaded onto a 15cm with
0.075 mm inner diameter column packed with C18 2-um Reversed Phase
resins (PepMap RSLC), and separated within a 60 min linear gradient from
95% solvent A (0.1% formic acid/2% acetonitrile/98% water) to 28%
solvent B (0.1% formic acid/80% acetonitrile) at a flow rate of 300 nl/min.
The spray voltage was set to 2.1 KV and the temperature of ion transfer
capillary was 275°C, and RF lens was 60%. The mass spectrometer was
operated in positive ion mode and employed in the data-dependent mode
to automatically switch between MS and MS/MS using the Tune and
Xcalibur 4.0.27.19 software package. One full MS scan from 350 to 1500 m/
z was acquired at high-resolution R=60,000 (defined at m/z=400),
followed by fragmentation of the twenty most abundant multiply charged
ions (singly charged ions and ions with unassigned charge states were
excluded), for ions with charge states 2-7 and collision energy of 30%.
Dynamic exclusion was used at auto. For database search and data
analysis, all MS/MS ion spectra were analyzed using PEAKS 11.0
(Bioinformatics Solutions) for processing, de novo sequencing, and
database searching. The digestion enzyme semiTrypsin allowed for two
missed tryptic cleavages, Carbamidomethyl of cysteine specified as a fixed
modification, and oxidation of methionine and acetyl of the N-terminus as
variable modifications. FDR estimation was enabled. PSM were filtered for
—10logP = 20, and proteins were filtered for —10logP = 15 and one unique
peptide. For all experiments, this gave an FDR of <1% at the peptide-
spectrum match level. Proteins sharing significant peptide evidence were
grouped into clusters.

Public databases analysis

Gene expression data of COAD samples from TCGA database was analyzed
by R package TCGA biolinks (2.25.3). Figure 2K was generated from the
NCBI's Gene Expression Omnibus (GEO) database GSE118904.

Quantification and statistical analysis

Statistical analysis was performed using Prism 8.0. Quantitative data were
presented as the mean+SD or mean+SEM. The two-tailed unpaired
Student’s t-test, two-sided log-rank test, or two-way ANOVA were used for
comparisons between two groups. Multiple group comparisons were
conducted by one-way ANOVA plus Fisher's least significant difference
(LSD) test. P < 0.05 was considered statistically significant. All experiments
were repeated independently at least three times with similar results.

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article
and its supplementary information files, or available from the corresponding author
on reasonable request.
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