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Introduction
Angiogenesis, the growth of new vessels from existing ones, is 
required for vascularization of both physiological and pathological 
tissues (1). Tumor angiogenesis, however, is driven by abnormally 
high level of proangiogenic factors that thereby form a prosperous 
but chaotic vasculature characterized by disordered morphology, 
hyperactivated endothelial cells (ECs), and reduced pericyte and 
basement membrane coverage, leading to enhanced hypoxia and 
vessel leakage (2). The tumor vasculature promotes tumor growth 
and metastasis and blunts most current therapies. Antiangiogene-
sis therapy (AAT) normalizes chaotic tumor vessel structures and 
functions to compromise tumor malignancy and facilitate other 
therapies (3–5). To date, cytokines, signal transduction and gene 
expression regulators, and metabolic enzymes have been tested as 
AAT targets (3, 4, 6). However, the efficacy of current AATs has 
not been satisfactory in at least some cancers, and resistance often 
emerges early, prompting the discovery of new AAT targets (7, 8).

Recent single-cell RNA-Seq (scRNA-Seq) studies have 
revealed that ECs contain heterogeneous subsets with distinct 
proliferation, differentiation, and metabolic characteristics (9–11). 

Of note, compared with quiescent ECs, activated ECs, including 
tumor ECs (TECs), in angiogenesis exhibit higher expression of 
ribosome-related genes, implying that ribosome biogenesis is 
required for angiogenesis (9–11). Ribosomes are composed of 
ribosomal proteins (RPs) and rRNAs (12, 13). The 18S, 5.8S, and 
28S rRNAs are encoded by ribosomal DNA (rDNA) and tran-
scribed as a pre-rRNA by RNA polymerase I (RNPI) in nucleoli (14, 
15). Extrinsic and intrinsic insults disrupting balanced ribosomal 
biogenesis interrupt the murine double minute (MDM) 2-p53 
interaction, resulting in p53-mediated nucleolar stress, which is 
characterized by decreased ribosome biogenesis, deformed nucle-
olar morphology, and cell cycle arrest (16–18). As of yet, the role of 
ribosome biogenesis in angiogenesis remains unclear.

Split end (SPEN; also known as SMRT/HDAC1-associat-
ed repressor protein [SHARP] in humans and Msx2-interacting 
nuclear target protein [MINT] in mice) is an approximately 400 
kDa large RNA-binding transcription repressor with a C-termi-
nal SPEN paralog and ortholog C-terminal (SPOC) domain (19, 
20). SPEN negatively regulates several signaling pathways, such 
as Notch (21, 22). SPEN also plays an essential role in X-chromo-
some inactivation by associating with X inactive specific tran-
script (XIST) and recruiting histone modification enzymes via the 
SPOC domain (23, 24). In addition, SPEN associates with the with 
the long noncoding RNA (lncRNA) steroid receptor RNA activa-
tor (SRA) that binds CCCTC-binding factor (CTCF) (20, 25) and 
participates in silencing endogenous retroviruses (26). SPEN-de-
ficient mice are embryonic lethal and have multiple developmen-
tal disorders in their liver, pancreas, brain, and hematopoietic 
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down, as confirmed by quantitative reverse transcription PCR 
(RT-qPCR), immunoblotting, and immunofluorescence (Figure 
1, E and F, and Supplemental Figure 1, I and J). Consistently, the 
in vitro sprouting assay showed that SPEN knockdown compro-
mised HUVEC sprouting (Figure 1G). To determine the role of 
SPEN in angiogenesis in vivo, we induced EC-specific Spen abla-
tion in Cdh5-CreERT2-Spenfl/fl (eSpen–/–) P1 pups and adult mice 
using tamoxifen (Supplemental Figure 2, A–E) (31). On P6, retinal 
whole-mount CD31 staining showed that while the radius of the 
retinal vasculature did not change, EC areas, vessel branch points, 
and distal vessel sprouts decreased, with some microvessels 
appearing “broken” in eSpen–/– pups (Figure 1H). A Matrigel plug 
assay showed that, while the Matrigel plugs were well vascularized 
on day 7 in the control mice, vascularization was almost blocked 
in eSpen–/– mice (Supplemental Figure 2F). EdU incorporation 
and Ki67 staining showed that Spen ablation resulted in reduced 
EC proliferation (Figure 1I and Supplemental Figure 2, G and H). 
Together, these results indicate that endothelial SPEN is required 
for angiogenesis by supporting EC proliferation.

SPEN knockdown arrests EC proliferation via p53. Gene expres-
sion profiling revealed that p53 signaling was remarkably upregu-
lated in HUVECs with SPEN knockdown (Figure 2A and Supple-
mental Figure 3A) (32). RT-qPCR and immunoblotting confirmed 
that p53 downstream molecules, including p21 and growth arrest 
and DNA damage inducible α (GADD45A), were upregulated in 
HUVECs with SPEN knockdown, while p53 was upregulated at the 
protein but not the mRNA level (Figure 2, B and C). Further analy-
ses showed that nuclear p53 increased accompanied by increased 
transactivation activity, as shown by immunoblotting and reporter 
assay, respectively (Supplemental Figure 3, B and C). The p53 pro-
tein level is predominantly regulated by MDM2, which prevents pro-
teasome-mediated p53 degradation via protein-protein interaction 
(32, 33). We treated HUVECs transduced with SPENi or NC with 
cycloheximide and monitored p53 level by immunoblotting. The 
result showed that SPEN knockdown delayed the decrease of p53 
and prolonged its half-life, suggesting inhibited degradation, while 
MDM2 degradation appeared unaltered (Figure 2, D–F, and Supple-
mental Figure 3D). Consistently, p53-associated MDM2 decreased 
in SPENi-transfected HUVECs, as determined by immunoprecipi-
tation (Figure 2G). These results suggest that SPEN knockdown in 
ECs results in p53 activation by delayed degradation.

To assess the role of p53 in the SPEN knockdown–induced 
proliferation arrest in ECs, we transduced HUVECs with SPENi 
together with a lentivirus expressing p53 shRNA (p53i). p53 knock-
down abrogated the upregulation of p21 and GADD45A in HUVECs 
transfected with SPENi (Figure 3A). Consequently, p53 knock-
down ameliorated the SPENi-induced proliferation arrest, cell size 
enlargement, and sprouting defects, as determined by EdU incor-
poration, live-cell imaging, and sprouting assay, respectively (Fig-
ure 3B). Cell cycle analysis confirmed that p53 knockdown rescued 
SPENi-induced G1 arrest (Figure 3C). Knockdown of p21 with shR-
NA (p21i) showed similar effects (Supplemental Figure 3, E–G). We 
also transduced HUVECs with SPENi or NC and a MDM2 overex-
pression lentivirus simultaneously. The result showed that overex-
pressing MDM2 rescued p21 expression and cell proliferation (Fig-
ure 3, D–F, and Supplemental Figure 3, H–J). These results indicate 
that SPEN knockdown represses EC proliferation by activating p53.

system (22), suggesting that SPEN plays a critical role in devel-
opment. However, the role of SPEN in angiogenesis has not been 
elucidated. In this study, we demonstrate that SPEN is required 
for angiogenesis by enabling efficient rRNA transcription driven 
by RNPI. Endothelial SPEN deficiency, as well as the RNPI inhib-
itor CX-5461 (27–30), represses tumor growth via tumor vessel 
normalization. Therefore, the ribosome biogenesis machinery is 
a druggable target for AAT of human cancers.

Results
SPEN knockdown arrests EC proliferation and blunts angiogenesis. 
Immunofluorescence of mouse tissue sections showed that SPEN 
is expressed in ECs (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI159860DS1). In human umbilical vein ECs (HUVECs), SPEN 
was detected exclusively in nuclei (Supplemental Figure 1B). 
To investigate the role of SPEN in ECs, we transduced HUVECs 
with lentivirus expressing a SPEN shRNA (shRNA2, referred to 
as SPENi hereafter; Supplemental Figure 1, C and D) or its non-
sense control (NC). SPEN knockdown resulted in reduced prolif-
eration of HUVECs, as shown by EdU incorporation and cell cycle 
analysis (Figure 1, A and B). Live-cell imaging showed that SPEN 
knockdown led to cell division arrest accompanied by enlarged 
cell size, and cell migration was mildly reduced (Figure 1C, Sup-
plemental Videos 1 and 2, and Supplemental Figure 1, E and F). 
We performed RNA-Seq of HUVECs transduced with SPENi or 
NC lentivirus and analyzed data by principal component analysis 
(Supplemental Figure 1G). The result confirmed the downregula-
tion of cell cycle–related genes in HUVECs with SPEN knockdown 
(Figure 1D and Supplemental Figure 1H). These data demonstrate 
that SPEN is required for EC proliferation.

Angiogenesis-associated genes, including ETS proto-onco-
gene 1 (ETS1), connective tissue growth factor (CTGF), angio-
poietin 2 (ANGPT2), VEGFR2, and heparan sulfate proteoglycan 
2 (HSPG2), were downregulated in HUVECs with SPEN knock-

Figure 1. Endothelial SPEN deficiency represses EC proliferation and 
blunts angiogenesis. (A–C) HUVECs were transduced with NC or SPENi 
lentivirus expressing EGFP. Cell proliferation was determined by (A) EdU 
incorporation (n = 4) and (B) cell cycle analysis (n = 3). (C) ECs were record-
ed with a living-cell imaging workstation (Supplemental Figure 1F and 
Supplemental Videos, 1 and 2), and the relative track speeds of cells (n = 35 
and 21 cell tracks for NC and SPENi, respectively) and cell perimeters (n = 6) 
were compared. Scale bar: 100 μm. (D) HUVECs were transduced with NC or 
SPENi lentivirus and subjected to RNA-Seq (n = 4). Cell cycle–related gene 
sets were analyzed by GSEA (color-coded gene sets are listed in Supple-
mental Figure 1H). (E and F) HUVECs were transduced with NC or SPENi 
lentivirus. The expression of angiogenesis-related genes was determined 
by (E) RT-qPCR (n = 4) and (F) immunoblotting (n = 5, except for n = 6 for 
ANGPT blots). β-Actin served as the loading control). (G) Sprouting was 
assessed by the microbead sprouting assay and quantitatively compared 
(n = 30 beads from 3 biological replicates). Scale bar: 100 μm. (H) The reti-
nal vasculature of P6 pups was stained with anti-CD31 and photographed. 
The middle and bottom rows of images show the remodeling zone and 
angiogenic frontier of retinas, respectively. A, artery; V, vein; white arrows, 
vessel loops; yellow arrows, sprouts; yellow dashed lines, vascular radius. 
Scale bars: 100 μm. The EC area (n = 6), branch number (n = 6), and distal 
sprouts (n = 6) were quantified. (I) Immunostaining of mouse retinas after 
EdU labeling. EdU+ ECs were compared (n = 5). Scale bar: 100 μm. Data 
represent mean ± SEM. Unpaired 2-tailed Student’s t test was used.
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Figure 2. SPEN knockdown activates p53. (A) Signature genes that are differentially expressed in HUVECs transduced with NC or SPENi lentivirus; the top 
10 markedly changed entries were presented. (B and C) HUVECs were transduced with NC or SPENi lentivirus. The expression of p53 and its downstream 
genes was determined by (B) RT-qPCR (n = 4, except for n = 3 in p53) and (C) immunoblotting (n = 6, 5, and 3 for p53, p21, and GADD45A, respectively). 
β-Actin served as the loading control. (D–F) HUVECs were transduced with NC or SPENi lentivirus and cultured with cycloheximide (CHX) as depicted. The 
p53 and MDM2 levels were assessed by immunoblotting at 0, 1, 2 and 3 hours after CHX addition (n = 5). β-Actin served as the loading control. The (E) p53 
level and its (F) half-life were determined. The table in E shows the percentage of p53 level at different time points versus p53 level at 0 hours after CHX 
addition (**P < 0.01; ****P < 0.0001). (G) HUVECs were transduced with NC or SPENi lentivirus. Cell extracts were precipitated with anti-p53 and immuno-
blotted with anti-MDM2 (n = 3). Data represent mean ± SEM. Unpaired 2-tailed Student’s t test was used.
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(Figure 5A), suggesting that SPEN knockdown downregulates 
rRNA gene expression, leading to nucleolar stress (16–18).

RNPI-mediated rDNA transcription is controlled at sev-
eral levels. Histone modifications, histone exchange, and the 
upstream binding factor–mediated (UBF-mediated) nucleosome 
replacement epigenetically regulate rDNA, while preinitiation 
complex assembly requires CTCF, DNA isomerases, and cohesin/
condensin complexes (14, 15, 43–45). Moreover, at least 3 noncod-
ing RNAs (ncRNAs) regulate rRNA gene transcription (Supple-
mental Figure 4C) (46–50): RNPI-driven promoter RNA (pRNA) 
silences pre-rRNA genes on inactive rDNA loci; stress-induced 
promoter and pre-rRNA antisense RNA (PAPAS) is transcribed by 
RNPII from the IGS in the antisense direction and inhibits pre-rR-
NA gene transcription; and IGS-derived sense and antisense 
ncRNAs regulate rRNA transcription via R-loop formation. We 
examined RNPI and UBF uploading as well as histone modifica-
tions around the promoter region of the rDNA repeats by ChIP–
quantitative PCR (ChIP-qPCR) (44). RNPI and UBF binding was 
markedly decreased around the gene promoter of rDNA repeats, 
accompanied by decreased activation (H3K4me2, H2A.Z, H3ac) 
and increased repression histone marks (H3K27me3, H4K20me3) 
(Figure 5B). RNPI recruitment is dependent on CTCF, which asso-
ciates with lncRNA SRA that binds SPEN (20, 25). However, the 
binding of CTCF to rDNA was not changed (Figure 5B), and in 
our view, overexpressing CTCF did not upregulate pre-rRNA in 
HUVECs (Supplemental Figure 4D). Next, by using strand-spe-
cific RT-qPCR, we found that the IGS transcripts from both sense 
and antisense chains were not altered after SPENi transfection 
(Supplemental Figure 4E). Similarly, the PAPAS level was com-
parable between SPENi- and NC-transfected HUVECs (Supple-
mental Figure 4F). Finally, chain-specific RT-qPCR showed that 
the pRNA level increased substantially in SPENi-transfected 
HUVECs (Figure 5C), suggesting that SPEN knockdown in ECs 
results in disrupted nucleolar structure and functions likely via the 
upregulated pRNA.

We also evaluated Spen knockout–induced nucleolar stress in 
vivo. Immunofluorescence detected deformed nucleoli in ECs in 
the angiogenic retinas of eSpen–/– pups, accompanied by upregulat-
ed pRNA, downregulated pre-rRNA and mature rRNA, and upreg-
ulated p21 in retinal ECs (Figure 5, D–F, and Supplemental Figure 
4G). However, we did not detect altered expression of pRNA, 
rRNA, and p21 in adult brain ECs from eSpen–/– mice (Supplemen-
tal Figure 4H), suggesting that SPEN is not required for maintain-
ing nucleoli in quiescent ECs.

To determine whether pRNA upregulation is responsible for 
pre-rRNA downregulation and p53 activation in HUVECs with 
SPEN knockdown, we transfected HUVECs with SPENi together 
with a pRNA antisense oligonucleotides (ASOs) to knockdown 
pRNA. The result showed that pRNA knockdown completely res-
cued the pre-rRNA expression and abrogated the SPENi-induced 
upregulation of p21 and GADD45A (Figure 5G). Consistently, a 
time course observation showed that the pre-rRNA downregula-
tion preceded the p21 and GADD45A upregulation in HUVECs 
with SPEN knockdown, and p53 or p21 knockdown failed to res-
cue SPENi-induced nucleolar deformation, suggesting that SPEN 
knockdown activates p53 after reducing pre-rRNA transcription 
(Supplemental Figure 4, I–K). Together, these results demonstrate 

SPEN knockdown upregulates pRNA to thereby downregulate 
pre-rRNA transcription, leading to nucleolar stress activation of p53. 
Next, we set out to determine the mechanism underlying p53 acti-
vation in ECs with SPEN knockdown. We examined Ser15, Ser20, 
and Thr18 phosphorylation of p53, which is involved in p53-MDM2 
interaction and activation (34, 35), by immunoblotting. The result 
showed that SPEN knockdown did not change p53 phosphoryla-
tion at these residues remarkably (Supplemental Figure 3K). PIN1, 
a peptidyl-prolyl cis-trans isomerase binding to Thr81-phosphory-
lated p53 to thereby prevent p53-MDM2 interaction (36, 37), was 
downregulated in HUVECs with SPEN knockdown (Supplemen-
tal Figure 3L). Therefore, p53 upregulation might not be resulted 
from altered phosphorylation.

RNA-Seq showed that the ribosome-related genes were 
downregulated in HUVECs with SPEN knockdown (Figure 2A). 
Ribosomes are generated in nucleoli, which are phase-separated, 
membrane-less organelles with a fibrillar center (FC) surround-
ed by a dense fibrillar component (DFC) layer and an outside 
granular component (GC) layer (16, 17, 38). Disturbed ribosomal 
biogenesis leads to p53 activation by disrupting the MDM2-p53 
interaction, a process called nucleolar stress (16–18). In HUVECs, 
SPEN knockdown resulted in irregularly shaped nucleoli that 
unraveled throughout the nucleoplasm in dispersed fibrillar struc-
tures, in contrast to round and regular nucleoli in the controls 
(Figure 4A). Immunostaining of the nucleolar markers RPA40 
(FC), FBL (DFC), and NPM1 (GC) followed by structured illumi-
nation microscopy (SIM) confirmed that although SPEN did not 
appear in nucleoli, SPEN knockdown resulted in the fusion of 
nucleoli, where the FC and DFC regions relocated to the nucleolar 
periphery and surrounded the remnant GC, appearing as unrav-
eled “nucleolar necklaces” (Figure 4, B and C, and Supplemental 
Figure 4A) (17). Quantitative analyses showed that, in contrast to 
that in controls, the FC and DFC markers were distributed outside 
the GC area in SPEN-knockdown HUVECs, leading to deformed 
nucleoli (Figure 4, B–D). Functionally, RP gene expression was 
downregulated in HUVECs with SPEN knockdown (Figure 4, 
E–G). Moreover, in SPENi-transfected HUVECs, MDM2-bound 
RPL5 and RPL11, as well as 5S rRNA, increased markedly, suggest-
ing that SPEN knockdown increased MDM2 associated with RPs 
in the form of ribonucleoprotein particle containing RPL5, RPL11, 
and 5S rRNA (Figure 4H) (16–18). These results demonstrate that 
SPEN is required for maintaining the nucleolar structure and func-
tion in ECs and SPEN deficiency triggers nucleolar stress to there-
by activate p53 in ECs.

Furthermore, we explored how SPEN deficiency impaired 
ribosome biogenesis in ECs. NPM1 sustains nucleolar organiza-
tion (39). However, the NPM1 protein level was not influenced by 
SPEN knockdown (Supplemental Figure 4B). In humans and mice, 
approximately 300 rDNA copies per haploid genome are arranged 
as tandem repeats on the short arms of acrocentric chromosomes 
(14, 15, 38). Each rDNA unit is divided into an approximately 13 kb 
pre-rRNA–encoding gene and an approximately 30 kb intergenic 
spacer (IGS) region, which contains an rRNA gene promoter prox-
imal to and responsible for pre-rRNA gene transcription and an 
upstream spacer promoter that enhances the gene promoter (14, 
15, 40–42). We found that pre-rRNA and processed 18S, 5.8S, and 
28S rRNAs were downregulated in SPENi-transfected HUVECs 
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that SPEN knockdown upregulates pRNA to attenuate rRNA tran-
scription, leading to nucleolar stress and p53 activation in ECs.

To further examine the role of SPEN in ECs, we tried to upreg-
ulate SPEN in HUVECs using CRISPR-mediated activation of 
the SPEN promoter. Three sgRNAs were designed, and SPENOE3 
(referred to as SPENOE hereafter) exhibited highest SPEN upreg-
ulation, as confirmed by RT-qPCR and immunofluorescence 
(Supplemental Figure 5, A and B). RT-qPCR showed that the 
pRNA level decreased, while the pre-rRNA and 5S rRNA levels 
were upregulated, but 18S and 28S rRNA did not change signifi-
cantly (Supplemental Figure 5, C and D). The p53 level and those 
of its downstream molecules, p21 and GADD45A, were reduced 
(Supplemental Figure 5E). Cell proliferation increased mildly, 
as shown by the cell cycle analysis, accompanied by enhanced 
sprouting ability (Supplemental Figure 5, F and G). These results 
further indicate that SPEN represses pRNA to facilitate rRNA tran-
scription and EC proliferation.

Endothelial Spen ablation inhibits tumor growth. TECs exhib-
it higher expression of ribosome-related genes (9–11). In human 
lung cancer biopsies, immunostaining showed that lower endo-
thelial SPEN level correlated with lower TNM and AJCC stages 
and higher endothelial SPEN level correlated with more lymph 
node metastasis (Figure 6A and Supplemental Figure 6A). More-
over, a low endothelial SPEN level correlated with extended 
patient overall survival (Figure 6B). Consistently, in gastric cancer 
and breast cancer, lower endothelial SPEN expression correlat-
ed with extended patient survival (Supplemental Figure 6, B and 
C). In TECs from Lewis lung carcinoma–bearing (LLC-bearing) 
mice, the Spen mRNA level increased along with tumor progres-
sion (Supplemental Figure 6D). Therefore, high endothelial SPEN 
level positively correlates with tumor progression in both human 
and mouse models.

Then, we inoculated SPEN-deficient and control mice with 
LLC or B16-F10 melanoma cells (Supplemental Figure 2B and 
Supplemental Figure 6E). Tumor growth was retarded in endothe-
lial SPEN–deficient mice compared with that in the control mice 
(Figure 6C and Supplemental Figure 6, F–H). Tumor cell prolif-
eration and tissue hypoxia were attenuated in endothelial SPEN–
deficient mice (Figure 6, D and E). To evaluate metastasis, LLC 
tumors were resected on 14th day after inoculation, when tumors 
were grossly comparable between control and SPEN-deficient 
mice, and the mice were maintained for 28 more days. Endothe-
lial SPEN deficiency markedly reduced lung metastasis, consis-
tent with decreased circulating tumor cells (Figure 6, F and G, and 

Supplemental Figure 6I). Overall survival was extended in eSpen–/– 
mice (Figure 6H). These data demonstrate that endothelial SPEN 
deficiency represses tumor growth and metastasis.

Endothelial Spen ablation leads to tumor vessel normalization. 
We evaluated tumor vessel phenotype under endothelial SPEN 
deficiency. Immunostaining of CD31, α-SMA, NG2, and laminin 
showed that tumor vessel density decreased, accompanied by more 
regularly organized vasculature, as shown by vessel reconstruc-
tion, and increased pericytes and basement membrane coverage 
in eSpen+/– and eSpen–/– mice, suggesting normalized tumor vessels 
(Figure 7A). A similar phenotype was observed in eSpen–/– mice 
inoculated with B16-F10 cells (Supplemental Figure 7, A–C). Cis-
platin (CDDP) is one of the most widely used chemotherapeutics 
in cancer. Tumor vessel normalization is expected to enhance the 
efficacy of CDDP in tumor treatment (51). We treated tumor-bear-
ing mice of different genotypes with CDDP. The results showed 
that endothelial SPEN deficiency markedly enhanced the efficacy 
of CDDP, as shown by reduced tumor growth and increased tumor 
tissue necrosis (Figure 7, B and C, and Supplemental Figure 7D).

At the molecular level, SPEN deficiency increased the expres-
sion of EC junctional proteins VE-cadherin and ZO-1 (Figure 8A). 
Functionally, endothelial Spen ablation increased vessel perfusion 
and reduced leakage (Figure 8B). Consistent with in vitro data, RNA-
Seq showed that SPEN-deficient TECs exhibited reduced expres-
sion of cell cycle–related genes and angiogenesis-related genes, as 
confirmed by RT-qPCR and immunoblotting (Figure 8, C–E, and 
Supplemental Figure 7, E and F). These results indicate that endo-
thelial SPEN deficiency results in tumor vessel normalization.

p53 deficiency abrogates Spen ablation–induced tumor vessel nor-
malization. In human lung cancer biopsies, in situ hybridization 
of pRNA and pre-rRNA and SPEN immunofluorescence in TECs 
showed that a high SPEN level negatively correlated with pRNA 
level and positively correlated with pre-rRNA level (Supplemental 
Figure 7, G–I). Then, we examined the expression of rRNA- and 
p53-related genes in TECs derived from the eSpen–/– and control 
mice. KEGG analysis of differentially co-upregulated genes in 
transcriptomic data of SPEN-deficient TECs and SPENi-transfect-
ed HUVECs revealed that the p53 signaling pathway was enriched 
in the top 20 markedly changed entries, consistent with that p53 
signaling is critical for Spen ablation–induced tumor vessel nor-
malization (Supplemental Figure 8, A–C). RT-qPCR confirmed 
that, consistent with in vitro results, pRNA was upregulated, while 
pre-rRNA, 18S, 5.8S, and 28S rRNAs as well as Rpl5, 11, and 23 
mRNAs were concomitantly downregulated in SPEN-deficient 
TECs (Figure 9, A–C). p53 was upregulated at the protein but not 
mRNA level, while p21 was upregulated at both the mRNA and 
protein level in SPEN-deficient TECs (Figure 9, D and E). These 
results are in line with the idea that endothelial SPEN deficien-
cy represses tumor angiogenesis by activating p53 via nucleolar 
stress induced by unleashed pRNA expression.

To solidify the role of p53 in Spen ablation–induced tumor 
vessel normalization, we crossed Cdh5-CreERT2-SPENf mice with 
p53-floxed (p53fl) mice to obtain Cdh5-CreERT2-SPENfl/fl mice on an 
endothelial p53+/fl (ep53+/–) background. Tamoxifen-induced wild-
type (control), eSpen–/–, ep53+/–, and eSpen–/–ep53+/– mice were inoc-
ulated with LLC cells. Heterozygous endothelial p53 disruption 
(ep53+/–) almost completely abrogated SPEN disruption–induced 

Figure 3. SPEN knockdown represses EC proliferation by activating p53. 
(A–C) HUVECs were transduced with NC, SPENi, p53i, or SPENi+p53i lenti-
virus expressing EGFP. (A) The expression of p53, p21, and GADD45A was 
determined by immunoblotting (n = 6). β-Actin served as the loading con-
trol. (B) The cell proliferation (n = 5), cell perimeter (n = 3), and sprouts (n = 
30 beads from 3 biological replicates) were determined by the EdU incorpo-
ration, live-cell imaging, and microbead sprouting assay, respectively. Scale 
bars: 100 μm. (C) The cell cycle progression was determined by FACS (n = 
4). (D–F) HUVECs were transduced with SPENi or NC and simultaneously 
transduced with MDM2-overexpressing lentivirus. The (D) p21 expression, 
(E) cell proliferation, and (F) cell cycle progression were determined (n = 6 
for D and E, n = 3 for F). Data represent mean ± SEM. One-way ANOVA with 
Tukey’s multiple comparisons test was used.
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and E). Infusion of LNP-pRNA or LNP-control into tumor-bear-
ing mice showed that LNP-pRNA mildly repressed tumor growth 
and tumor vessel density decreased, while pericyte coverage and 
vessel perfusion were improved in LNP-pRNA-treated mice (Fig-
ure 10, B–D, and Supplemental Figure 9, F–H). These results sug-
gest that upregulating pRNA could normalize tumor vessels while 
downregulating pRNA has the opposite effect.

Because rRNA gene transcription is driven by RNPI, we 
assessed whether CX-5461, an RNPI inhibitor under clinical tri-
al, could induce tumor vessel normalization (27–30). Treating 
HUVECs with CX-5461 downregulated pre-rRNA and upregulat-
ed p21 dose-dependently, with an enlarged cell size resembling 
that observed under SPEN knockdown (Supplemental Figure 
10, A and B). CX-5461 suppresses tumor growth in mice (27). To 
exclude the proliferation inhibition of CX-5461 on tumor cells, 
which may influence tumor vessels, we tried different dosing 
schedules and found that when mice bearing LLC tumors were 
orally administered with 50 mg/kg CX-5461 every 2 days from 
day 7 to day 14 after inoculation, tumor growth did not change sig-
nificantly (Supplemental Figure 10C). Upon this dosing schedule, 
tumor tissues showed a normalized vasculature, as manifested by 
a reduced vessel density, increased pericyte and basement mem-
brane coverage, and improved tumor vasculature, as shown by 
vessel reconstruction, and increased expression of EC junctional 
proteins VE-cadherin and ZO-1 (Figure 10, E and F). Moreover, 
CX-5461 treatment increased vessel perfusion and attenuated 
leakage (Figure 10G). When CX-5461 and CDDP were applied in 
combination, CX-5461 enhanced the efficacy of CDDP (Figure 
10H and Supplemental Figure 10D). We monitored spleen T and 
B lymphocytes, which are expect to undergo significant prolifer-
ation and likely require enhanced ribosome biogenesis, in mice 
treated with CX-5461 at the dosage generating the size-matched 
tumors. The results showed that T and B lymphocytes in spleen 
were not significantly influenced by CX-5461 in our experiments, 
although spleen size decreased slightly (Supplemental Figure 10, 
E–H). These results demonstrate that RNPI inhibition with inhib-
itors such as CX-5461 induces tumor vessel normalization, and 
improves chemotherapy.

Discussion
The tumor vasculature has been a therapeutic target of cancer 
for decades due to its characteristic abnormal structure and 
hyperactive TECs. AAT normalizes tumor vasculature, lead-
ing to attenuated hypoxia and vessel leakage, improved ves-
sel perfusion, and reduced metastasis, which thereby mitigate 
tumor malignancy (2, 3). However, because tumors by principle 
employ physiological mechanisms for angiogenesis, discovering 
efficient targets for AAT has been a long-term challenge (3, 4, 
6). In this study, we have revealed for the first time to our knowl-
edge that ribosome biogenesis is an AAT target (Supplemen-
tal Figure 10I). Tumor growth stimulates active angiogenesis, 
which requires the RNPI-mediated transcription of rRNA genes 
and active ribosome biogenesis in TECs (9–11). Activated TECs 
upregulate their SPEN to facilitate rRNA gene transcription by 
repressing pRNA, and SPEN is therefore required for tumor 
angiogenesis. In the absence of SPEN, pRNA is upregulated 
and rRNA gene transcription is repressed, thereby disrupting 

(eSpen–/–-induced) tumor repression (Figure 9F and Supplemen-
tal Figure 8, D and E). Immunostaining showed that, while Spen 
ablation resulted in decreased hypoxia accompanied by decreased 
vessel density and increased pericyte coverage, these phenotypes 
were reversed by p53 haploinsufficiency (Figure 9, G–J). The p53 
haploinsufficiency also canceled Spen ablation–induced improve-
ment of vessel function, as determined by the vessel perfusion and 
leakage assays (Figure 9, G, K, and L). These results demonstrate 
that SPEN deficiency normalizes tumor vessels by activating p53.

SPEN is a repressor of Notch signaling, which plays a pivotal 
role in vessel development (22, 52). However, Notch downstream 
genes hairy/enhancer-of-split related with YRPW motif protein 1 
(HEY1) and hairy and enhancer of split 1 (HES1) were not upreg-
ulated in HUVECs or TECs with SPEN knockdown or ablation, 
respectively (Supplemental Figure 8, F and G), suggesting that 
SPEN does not repress but rather is required for the canonical 
Notch signaling in ECs. Double knockout of Spen and recombina-
tion signal binding protein for immunoglobulin κ J region (Rbpj) 
(53), the transcription factor mediating Notch signaling, did not 
rescue the Spen ablation phenotype (Supplemental Figure 8, H 
and I), suggesting that SPEN deficiency does not normalize tumor 
vessels by activating Notch.

The RNPI inhibitor CX-5461 normalizes tumor vessels and 
improves chemotherapy. Our data have suggested that induction of 
nucleolar stress by SPEN deficiency–induced pRNA upregulation 
could normalize tumor vessels and therefore serves as a target for 
AAT. To solidify this finding, we synthesized pRNA ASOs and veri-
fied the effect on ECs in vitro (Supplemental Figure 9A). We set up 
LLC tumors in eSpen–/– and control mice and injected pRNA ASO 
intratumorally from day 10 after inoculation. The results showed 
that, while pRNA ASO slightly promoted tumor growth in the 
control, it abrogated endothelial SPEN deficiency–induced tumor 
suppression (Supplemental Figure 9B). Moreover, pRNA ASO par-
tially but substantially reversed SPEN deficiency–induced tumor 
vessel normalization, as shown by increased vessel density and 
decreased pericyte coverage (Supplemental Figure 9C). Further-
more, we constructed liposome nanoparticles (LNPs) conjugated 
with cyclo (Arg-Gly-Asp-D-Tyr-Lys) peptide (c(RGDyK)), which 
targets αvβ3 integrin receptors with high affinity on TECs (54, 55). 
The LNP was loaded with a plasmid expressing pRNA (LNP-pR-
NA), which could be taken by TECs and increased pRNA level in 
TECs after infusion (Figure 10A and Supplemental Figure 9, D 

Figure 4. SPEN knockdown triggers nucleolar stress. (A) HUVECs were 
transduced with NC or SPENi lentivirus and observed under TEM. Dashed 
yellow lines indicate nucleoli. Scale bar: 1 μm. (B–D) HUVECs were transduc-
ed with NC or SPENi lentivirus and subjected to immunostaining followed by 
SIM microscopy. Dashed yellow lines indicate nucleoli. The NPM1, UBF, and 
RPA40 intensities along the white lines are plotted. Scale bar: 1 μm. (D) The 
NPM1 body number and HUVECs with normal nucleoli were counted (n = 8). 
(E and F) Analyses of ribosome-related genes by (E) GSEA and (F) heatmaps 
in HUVECs transduced with NC or SPENi lentivirus followed by RNA-Seq. 
(G) HUVECs were transduced with NC or SPENi lentivirus. The expression of 
RPL5, RPL11, and RPL23 was determined by RT-qPCR (n = 4). (H) HUVECs 
were transduced with NC or SPENi lentivirus. Cell lysates were immuno-
precipitated with anti-MDM2 after ultracentrifugation and detected with 
anti-RPL5 and RPL11 or RT-qPCR for 5S rRNA (n = 3). Data represent mean ± 
SEM. Unpaired 2-tailed Student’s t test was used.
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biogenesis inhibition on tumor angiogenesis is dose dependent. 
Together, our results demonstrate that ribosome biogenesis is a 
druggable target for AAT of tumors.

AAT targeting RNPI could have several advantages. First, 
p53 is highly mutated in cancer cells but largely intact in tumor 
microenvironment cells including TECs. Therefore, RNPI-tar-
geted AAT could be expected to be effective irrespective of p53 
mutation. p53 has been shown to limit angiogenesis by interfer-

ribosomal biogenesis. This triggers the p53-mediated nucleolar 
stress response, which results in reduced EC proliferation and 
tumor vessel normalization. Forced pRNA expression or RNPI 
inhibitors (CX-5461) can mimic the effect of SPEN deficiency in 
tumor vessels, leading to tumor vessel normalization, which has 
been shown previously (27–30, 56). It is noteworthy that SPEN 
haploinsufficiency results in a similar but less severe phenotype 
as complete Spen ablation, suggesting that the effect of ribosome 

Figure 5. SPEN knockdown triggers nucleolar stress by upregulating pRNA in ECs. (A) HUVECs were transduced with NC or SPENi lentivirus. The expres-
sion of pre-rRNA, 18S, 5.8S, and 28S rRNA was determined by RT-qPCR (n = 6). (B) HUVECs were transduced with NC or SPENi lentivirus. ChIP-qPCR was 
performed with anti-RPA194, anti-UBF, anti-H3K4me2, anti-H2A.Z, anti-H3ac, anti-H3K27me3, anti-H4K20me3, and anti-CTCF antibodies (n = 3, except 
for n = 5 in anti-RPA194). *P < 0.05; **P < 0.01; ***P < 0.001. (C) HUVECs were transduced with NC or SPENi lentivirus. pRNA expression was determined 
by strand-specific RT-qPCR (n = 5). (D–F) ECs from P6 retinas of eSpen–/– and control mice were analyzed by RT-qPCR for (D) the expression of pRNA, 
(E) pre-rRNA and mature rRNAs, and (F) p21 (n = 3, each sample is a pool of 3–4 retinas). (G) HUVECs were transduced with lentivirus as indicated. The 
expression of pRNA, pre-rRNA, p21, and GADD45A was determined by RT-qPCR (n = 5). Data represent mean ± SEM; 1-way ANOVA with Tukey’s multiple 
comparisons test was used in G; unpaired 2-tailed Student’s t test was used for A–F.
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(58–61). Second, nucleolar stress induced by SPEN knockdown 
does not increase the apoptosis of ECs. This is in contrast to 
AATs disrupting VEGF signaling, which is required for EC sur-
vival (1). Increased TEC death can lead to aggravated hypoxia 
and tumor metastasis (62). The mechanism of EC survival under 
nucleolar stress could be related with increased autophagy, but 

ing with the central regulators of hypoxia that mediate angio-
genesis and by inhibiting proangiogenic factor production and 
increasing endogenous angiogenesis inhibitor production (57). 
Although p53 mediates endothelial senescence and induces 
endothelial dysfunction under different conditions, its activa-
tion has been shown to exert an antiangiogenic effect on tumors 

Figure 6. Endothelial Spen ablation represses tumor growth. (A and B) Human lung cancer biopsies were immunostained for CD31 and SPEN, and the 
SPEN intensity in the CD31+ area was quantified. (A) Tumor progression was analyzed between the endothelial SPEN–high and SPEN–low groups. (B) The 
correlation of endothelial SPEN level with overall survival was evaluated by Kaplan-Meier analysis. n = 30 patients per group. (C) Mice were inoculated 
with LLC cells. Tumor size was monitored, and tumor weights were compared on day 21 after inoculation (n = 10). (D and E) Control and eSpen–/– mice 
were inoculated with LLC cells. (D) Tumors at day 21 after inoculation were immunostained with Ki67 and quantitatively compared (n = 4). Scale bar: 100 
μm. (E) Tumor hypoxia was evaluated by staining with Hypoxyprobe (n = 4). (F) Mice were inoculated with luciferase+ LLC cells. Tumors were removed on 
day 14 after inoculation, and the mice were maintained for an additional 28 days. Lung metastasis was evaluated using chemoluminescence (n = 4). (G) 
Mice were inoculated with GFP+ LLC cells. Circulating GFP+ LLC cells in blood were counted on day 21 after inoculation (n = 8 and 5 for control and eSpen–/–, 
respectively). The white arrowheads denote GFP+ LLC cells in blood. Scale bar: 100 μm. (H) Mice were inoculated with LLC cells. Tumors were removed on 
day 21 after inoculation, and mouse survival was plotted thereafter (n = 9). Data represent mean ± SEM. Log-rank (Mantel-Cox) test was used for B and 
H; 1-way ANOVA with Tukey’s multiple comparisons test was used for C; χ2 analyses were used for A, except for no. of metastasis positive lymph nodes; 
unpaired 2-tailed Student’s t test was used for D–G and no. of metastasis positive lymph nodes in A.
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Nucleoli are specialized, membrane-lacking nuclear struc-
tures formed by phase separation (66). The major functions of 
nucleoli include transcribing and processing rRNA and assem-
bling ribosomes (14, 15). To fulfill these tasks, nucleoli are orga-
nized into layered structures, and each structural layer accom-
modates specific biochemical reactions (38, 66). Numerous 
extrinsic and intrinsic insults disrupt the function and elegant 
structure of nucleoli, leading to p53-mediated nucleolar stress 
(16–18). Our data demonstrated that SPEN deficiency result-
ed in nucleolar stress in ECs, as manifested by the disordered 
nucleolar structure, reduced RP expression, and p53 activa-
tion, which was responsible for endothelial growth arrest and 
tumor vessel normalization in this study. SPEN possesses sev-

further investigations are needed to address this question (63). 
In addition, we noticed that cell size increases under SPEN 
deficiency or RNPI inhibition, which could be related with dis-
turbed ribosome biogenesis (64). Finally, our data showed that 
the combination of CX-5461 and CDDP markedly enhanced the 
efficacy of CDDP in mice, supporting the use of RNPI inhibi-
tors in combination with other strategies as a treatment for sol-
id tumors. However, considering potential off-target effects of 
RNPI inhibitors and the complex mechanisms controlling ribo-
some biogenesis (65), detailed studies are required to define the 
dosage and time window required for RNPI inhibitors to serve as 
an efficient adjuvant of other antitumor therapies such as che-
motherapy and immunotherapy.

Figure 7. Endothelial Spen ablation induces tumor vessel normalization. (A) LLC tumors from control, eSpen+/–, and eSpen–/– mice were stained for CD31, 
α-SMA, NG2, and laminin by immunofluorescence on day 21 after inoculation. CD31+, α-SMA+CD31+, NG2+CD31+, and laminin+CD31+ areas were quantitatively 
compared (n = 7). The CD31 immunofluorescence (60 μm thickness) was used to reconstruct tumor vessels (representing 3 independent experiments). Scale 
bars: 100 μm. (B and C) Mice bearing LLC tumors were treated with CDDP from day 7 after inoculation. (B) Tumor size and weight were evaluated on day 21 after 
inoculation, and (C) tumor sections were stained with H&E (Supplemental Figure 7D), and necrosis areas were determined (n = 7, 8, 10, and 9 for control, eSpen–/–, 
CDDP, and eSpen–/–+CDDP, respectively). Data represent mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test was used.
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that SPEN normally represses pRNA to maintain rRNA gene 
expression. This could physiologically balance the active and 
inactive rDNA repeats in the rDNA array, which is a suggested 
function of pRNA (46). The reduced rRNA synthesis induced by 
SPEN deficiency disrupts the assembly of newborn ribosomes, 
leading to the redirection of RP and the activation of p53 via 
MDM2 (16–18). However, pRNA transcription is dependent on 
RNPI but not RNPII (46), and the mechanism by which SPEN 
represses the RNPI-mediated transcription of spacer promoters 
in rDNA repeats has not been elucidated. Moreover, p53 expres-
sion is under the control of numerous mechanisms, and other 
mechanisms underlying p53 upregulation could be involved and 
worth further investigation in the future.

eral RNA recognition domains and functions as an RNA-binding 
protein (20, 23, 24). Protein structure prediction suggests that 
SPEN contains large stretches of intrinsic disordered regions. 
These two properties are shared by many proteins participat-
ing in phase separation (38). However, our immunostaining of 
HUVECs with SPEN antibodies showed that SPEN localized 
outside nucleoli. This suggests that SPEN regulates nucleolar 
function, rather than constitutes their structure. Indeed, we 
demonstrate that SPEN deficiency reduces rRNA transcription 
by upregulating pRNA, a lncRNA derived from the spacer pro-
moter, and inhibits the activity of the gene promoter of rDNA 
repeats. pRNA knockdown with an ASO not only rescues pre-rR-
NA expression but also compromised p53 activation, suggesting 

Figure 8. Endothelial Spen ablation normalizes functionally tumor vessels. (A) LLC tumor sections from control and eSpen–/– mice were stained with 
CD31 and VE-cadherin or CD31 and ZO-1 immunofluorescence and quantitatively compared (n = 5). Scale bars: 100 μm. (B) Vessel perfusion and leakage 
in tumors were determined with FITC dextran 2 MD (n = 5 and 4 for control and eSpen–/–, respectively) or Texas Red–dextran 70 KD (n = 4 and 3 for control 
and eSpen–/–, respectively). Scale bars: 100 μm. (C) Control and eSpen–/– TECs were subjected to RNA-Seq. Cell cycle–associated gene sets were analyzed 
by GSEA (color-coded gene sets are listed in Supplemental Figure 1H). (D and E) Expression of angiogenesis-related genes in TECs was determined by (D) 
RT-qPCR (n = 6, except for n = 4 in Hspg2 and Ctgf) or (E) immunoblotting (n = 6 except for n = 5 for VEGFR2). β-Actin served as the loading control. Data 
represent mean ± SEM. Unpaired 2-tailed Student’s t test was used.
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ciency normalizes while RBPJ deficiency disrupts tumor vascu-
lature, and disruption of both leads to normalized tumor vessels. 
Therefore, more studies are required to elucidate the relationship 
between SPEN and Notch in ECs.

Methods
Human samples. Human lung adenocarcinoma tissue microar-
rays (HLugA180Su07, HLugA180Su08), human gastric cancer tis-
sue microarray (HStmA180Su30), and human breast cancer tissue 
microarray (HBreD136Su02) were provided by Shanghai Outdo Bio-
tech Co. Ltd. (Supplemental Tables 1–4).

Animals. Mice were maintained in a specific pathogen–free facil-
ity. Spen-floxed, Cdh5-CreERT2 transgenic, and Rbpj-floxed mice were 
described previously (31, 53, 69). p53-floxed mice were purchased 
from Shanghai Model Organisms Center Inc. Mice were backcrossed 
with C57BL/6J mice for more than 6 generations and genotyped by 
PCR using tail DNA as a template. To induce Cre-mediated recombi-
nation, 6- to 8-week-old male or female mice were injected i.p. with 
100 μL tamoxifen (20 mg/mL, MilliporeSigma, T5648), while P1 pups 
were injected s.c. with 2.5 μL tamoxifen (Supplemental Figure 2B).

For mouse tumor models, LLC (5 × 106) or B16-F10 (1 × 106) 
cells were inoculated s.c. in the right back of trunks 1 day after the 
last tamoxifen injection and maintained for 21 or 16 days after inoc-
ulation, respectively. Tumor size was monitored using a caliper and 
calculated as π × [d2 × D]/6, where d represents short diameter and 
D denotes long diameter. In some experiments, CDDP (2.5 mg/kg, 
Selleck, S1166) was injected i.p. every 3 days from 7 days after inoc-
ulation. CX-5461 (50 mg/kg, Selleck, S2684) was administered by 
gastric gavage every 2 days from 7 days after inoculation. LNP (25 μg 
DNA, 200 μL/mouse, see below) was injected i.v. every 3 days from 
7 days after inoculation. The 2′-O-(2-Methoxyethyl) phosphorothio-
ate ASO against mouse pRNA (Shanghai Integrated Biotech Solutions 
Co. Ltd.) was injected intratumorally at a dosage of 5 nmol per mouse 
every 3 days from 10 days after inoculation. Three ASO were tested 
(5′-GGACCTCAAAGGAACAACTG, 5′-CGGAGAACTGATAAGAC-
CGA, and 5′-GGTCCAATAGGAACAGATAG), with the first one 
used for further study. To evaluate metastasis, LLC cells were trans-
duced with luciferase (luciferase-LLC) or GFP (GFP-LLC) lentivirus 
(GeneChem). Luciferase-LLC tumors were surgically removed on 
day 14 after inoculation after anesthetization with 1% pentobarbital 
sodium. On day 28 after tumor resection, mice were injected with 
D-luciferin (150 mg/kg, Yeasen, 40902ES01) and sacrificed 8 min-
utes later. Their lungs were removed, photographed, and analyzed 
with a bioluminescence imaging system (IVIS Lumina II, Perkin-El-
mer), followed by histological staining. To detect circulating tumor 
cells, the GFP-LLC cells were inoculated, and blood was collected 
on day 21 after inoculation. After erythrolysis with red lysis buffer 
(Cwbio, CW0613), GFP+ cells were counted under a fluorescence 
microscope (NI-E, Nikon). For survival analysis, LLC tumors were 
surgically removed on day 21 after inoculation, and survival of mice 
was plotted by the Kaplan-Meier method.

A Matrigel plug assay was performed by injecting 0.3 mL Matri-
gel (Corning, 354230) containing 400 ng/mL VEGF (SinoBio, 50159-
MNAB) and 250 ng/mL bFGF (SinoBio, 50037-M07E) into the mouse 
groin. The plugs were recovered on day 7 and fixed in 4% paraformal-
dehyde (PFA) overnight. Masson’s trichrome staining was conducted 
using a kit (Servicebio, G1006).

SPEN is a large protein containing several functional domains, 
including N-terminal RNA recognition domains, a C-terminal 
SPOC domain, and motifs interacting with transcription fac-
tors located between the N- and C-terminals (19, 20, 24). SPEN 
does not possess DNA-binding domains, so that SPEN fulfills its 
transcription repressor functions by interaction with recruiting 
molecules such as lncRNAs or DNA-binding proteins. At spacer 
promoter regions in which pRNA transcription starts, the factors 
responsible for SPEN recruitment have not been defined. One 
possibility is CTCF, which binds rDNA repeats near the spacer 
promoter and transcription termination site. CTCF influences the 
topological architecture of rDNA by forming the chromatin con-
formation required for RNPI recruitment and rDNA transcription. 
The lncRNA SRA binds to and regulates the function of CTCF (25). 
SRA also binds SPEN (20). It is therefore possible that SPEN binds 
CTCF via SRA and influences the conformation of rDNA. More-
over, a recent report showed that SPEN binds directly to endog-
enous retroviral (ERV) RNAs and participates in ERV silencing 
(26). Some rDNA repeats are silenced by epigenetic mechanisms, 
while others remain active (14, 15). Whether SPEN participates in 
silencing rDNA repeats in a manner similar to that of ERV is wor-
thy of further investigation. Moreover, the SPOC domain provides 
a protein-interacting platform to recruit transcription repressors, 
such as HDACs, EZH2, NcoR and m6A modification enzymes 
(24). It will be interesting to examine the roles of these enzymes in 
SPEN-mediated nucleolar homeostasis.

It has been demonstrated that SPEN is recruited through 
its interaction with RBPJ, which thereby results in repression of 
canonical Notch signaling (22). However, SPEN could also be 
recruited to chromatin to promote heterochromatin formation 
and modify gene expression networks at the epigenetic level (24, 
26). In ECs, our data showed that the Notch downstream genes 
HES1 and HEY1 were not upregulated under SPEN deficiency, sug-
gesting that SPEN does not repress but is rather required for the 
canonical Notch signaling in ECs. This is consistent with previous 
findings in Drosophila (67, 68). Functionally, although both SPEN 
deficiency and RBPJ deficiency inhibit tumor growth, SPEN defi-

Figure 9. Spen ablation–mediated tumor vessel normalization requires 
p53. (A) pRNA expression in TECs, as determined by strand-specific RT-qPCR 
(n = 6). (B and C) Expression of (B) pre-rRNA, 18S, 5.8S, and 28S rRNAs as 
well as (C) Rpl5, Rpl11, and Rpl23 in TECs was determined by RT-qPCR (n = 5). 
(D and E) Expression of p53 and p21 in TECs was determined by (D) RT-qPCR 
(n = 4) and (E) immunoblotting (n = 6). β-Actin served as the loading 
control. (F) Mice with different genotypes were inoculated with LLC cells. 
Tumors were dissected on day 21 after inoculation (Supplemental Figure 
8E). Tumor size and weight were quantified (n = 9, 9, 10, and 9 for control, 
eSpen–/–, ep53+/–, and eSpen–/–ep53+/–, respectively). (G) LLC tumors on day 
21 after inoculation were stained with Hypoxyprobe, immunofluorescence, 
or assayed for vessel perfusion and leakage with FITC dextran 2MD or Texas 
Red–dextran 70 KD. Scale bar: 100 μm. (H) The hypoxia (n = 8, 6, 4, and 4 for 
control, eSpen–/–, ep53+/–, and eSpen–/–ep53+/–, respectively), (I) vessel density 
(CD31+) (n = 9, 7, 5, and 4 for control, eSpen–/–, ep53+/–, and eSpen–/–ep53+/–, 
respectively), (J) pericyte coverage (CD31+NG2+) (n = 9, 6, 5, and 4 for control, 
eSpen–/–, ep53+/–, and eSpen–/–ep53+/–, respectively) as well as (K) vessel 
perfusion and (L) leakage (n = 5, 6, 3, and 5 for control, eSpen–/–, ep53+/–, and 
eSpen–/–ep53+/–, respectively) were quantified. Data represent mean ± SEM. 
Unpaired 2-tailed Student’s t test was used for A–E and 1-way ANOVA with 
Tukey’s multiple comparisons test was used for F and H–L.
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Figure 10. An RNPI inhibitor induces tumor vessel normalization and enhances efficacy of cisplatin. (A–D) Mice were inoculated with LLC cells and injected 
with LNP-pRNA or LNP-control (LNP-Ctrl) i.v. every 3 days from day 7 to day 21 after inoculation. (A) pRNA expression in TECs was determined by RT-qPCR. 
(B) Tumor growth was determined. (C and D) Tumor vessels were stained with immunofluorescence, and vessel perfusion was evaluated (Supplemental Figure 
9, F–H) (n = 6). (E) Mice were inoculated with LLC cells and orally administered 50 mg/kg CX-5461 every 2 days from day 7 to day 14 after inoculation. Tumor 
sections were immunostained on day 14 after inoculation with anti-CD31 (n = 6), anti-CD31 plus anti–α-SMA (n = 6), anti-CD31 plus anti-NG2 (n = 3), and anti-
CD31 plus anti-laminin (n = 3). Tumor vessels were reconstructed with CD31 immunofluorescence (60 μm thickness) (representing 3 independent experiments). 
Scale bars: 100 μm. (F) LLC tumor sections from mice treated with CX-5461 were stained with CD31 and VE-cadherin or CD31 and ZO-1 immunofluorescence and 
quantitatively compared (n = 5). Scale bars: 100 μm. (G) Vessel perfusion and leakage were assessed (n = 4). Scale bars: 100 μm. (H) Mice bearing LLC tumors 
were orally administered 50 mg/kg CX-5461 every 2 days and injected i.p. with CDDP every 3 days from day 7 to day 14 after inoculation. Tumors were dissected 
(Supplemental Figure 10D), and tumor sizes and weights were compared (n = 6). Data represent mean ± SEM. One-way ANOVA with Tukey’s multiple compari-
sons test was used for H, and unpaired 2-tailed Student’s t test was used for A–G.
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To isolate primary ECs, normal or tumor tissues were minced 
mechanically and digested in 1 mg/mL collagenase I (MilliporeSigma, 
C0130) and 100 μg/mL DNase I (Roche, 10104159001) for 30 minutes 
at 37°C. After passing through a 70 μm tissue strainer, cell suspensions 
were centrifuged for 4 minutes at 350g at 4°C, followed by erythrolysis. 
The cells were resuspended in 90 μL PBS containing 0.5% BSA and 2 
mM EDTA and mixed with 10 μL anti-CD31–coated magnetic beads 
(Miltenyi, 130-097-418). After incubation at 4°C for 30 minutes, the 
cells were collected using a magnetic bead collector (Miltenyi) and then 
washed 3 times with PBS containing 0.5% BSA and 2 mM EDTA. ECs 
were evaluated by flow cytometry after staining with anti-endomucin.

Transfection of ECs with shRNA for SPEN (shRNA1 5′-CCAGTAC-
GCTCTACAGATA and SPENi 5′-CCCGATCACGCCGCAAGCGAA), 
p53 (5′-CGGCGCACAGAGGAAGAGAAT), p21 (5′-AAGACCATGTG-
GACCTGTCAC), or the NC was achieved by lentiviral transduction at 
the multiplicity of infection (MOI) of 10. Transduction was performed 
on day 0, and the culture medium was replaced with fresh medium 24 
hours later. Overexpression was achieved by adenovirus transduction 
at the MOI of 200, and the culture medium was replaced with fresh 
medium 4 hours later. Lentivirus or adenovirus construction and pack-
aging were conducted by GeneChem and Vigene Biosciences. The ASO 
of human pRNA (5′-GGACACCTGTCCCCAAAAAC) was transfected 
with HiPerFect Transfection Reagent (Qiagen, 301705) at a final con-
centration of 100 nM.

Endogenous SPEN gene was activated using the lentivirus CRIS-
PR-Cas9 Synergistic Activation Mediator system (Genechem Co. Ltd.) fol-
lowing the manufacturer’s protocol (70). Briefly, HUVECs were infected 
with lentiviruses encoding dCas9-VP64 (lenti-dCAS9-VP64-Puro) and 
sgRNAs (lenti-sgRNA-MS2-P65-HSF1-Neo) simultaneously at the MOI of 
5, and the culture medium was replaced with fresh medium 24 hours lat-
er. Activation of SPEN expression was determined on day 4. Cells infected 
with dCas9-VP64 and nontargeting sgRNA lentiviruses were used as con-
trols. Three sgRNAs (5′-TAGTCCCTCACTTCGTCGCC, 5′-GCTAGT-
GGAGTCCCGCTGCT, and 5′-ACGAAGTGAGGGACTACAGG) were 
tested, and the third one (SPENOE3) was used for further study.

For reporter assay, HEK-293T cells in 48-well plates (5 × 103 cells/
well) were transduced with SPENi lentivirus. The cells were then 
transfected with 200 ng of the p53 reporter plasmid (p53-luc, Yeasen, 
11540ES03) and 10 ng pRL-TK (Promega, E2241). The cells were 
harvested 24 hours after transfection, and the luciferase activity was 
analyzed with the Dual-Luiferase Reporter Assay System (Promega).

Time-lapse imaging. Cells were sparsely seeded in a quartered con-
focal dish well or 6-well plate. Time-lapse images were recorded using a 
live-cell imaging workstation under a confocal microscope at 3-minute 
intervals or a fluorescence microscope at 5-minute intervals. The velocity 
of movement was determined by Fiji v2.0.0 with the Trackmate plugin.

Cell proliferation and migration. HUVECs were cultured in fresh 
ECM containing 1% FBS for 24 hours and then in ECM with 5% FBS 
for an additional 24 hours. The cells were then cultured in medium 
containing 50 μM EdU (RiboBio, C10310-1) for 2 hours, fixed with 4% 
PFA at room temperature for 30 minutes, and stained with a Cell Light 
EdU Apollo 567 In Vitro Kit (RiboBio, C10310-1). Images were cap-
tured under a fluorescence microscope.

For migration, cells were seeded in 24-well plates at 1 × 105 cells/
well and allowed to reach confluence over the next 24 hours. A scratch 
was made using a pipette tip, and the closure of the scratch was moni-
tored for 12 hours in ECM containing 1% FBS.

Histology. Tissues were fixed in 4% PFA at 4°C overnight and 
embedded in paraffin routinely. Samples were cut into 4 μm thick 
sections and then subjected to H&E staining. Fluorescence triple 
staining was conducted using a TSAPLus Fluorescence Triple Stain-
ing Kit (Servicebio, G1236).

For immunofluorescence, tissues were fixed in 4% PFA at 4°C for 
4 hours, followed by dehydration in 30% sucrose-PBS overnight. The 
samples were then embedded in optimal cutting temperature compound 
(Sakura, 4583). Frozen blocks were sectioned at 10 μm or 60 μm thick-
ness, dried at room temperature for 2 hours, and blocked with PBS con-
taining 5% BSA and 0.3% Triton X-100 for 1 hour at room temperature. 
The samples were incubated overnight at 4°C with primary antibodies. 
After washing, the sections were incubated with secondary antibodies at 
room temperature for 2 hours and counterstained with Hoechst (Milli-
poreSigma, 94403) for 15 minutes at room temperature. Cell samples on 
coverslips were fixed with 4% PFA for 30 minutes and blocked with PBS 
containing 5% BSA and 0.3% Triton X-100 for 30 minutes at room tem-
perature. For whole-mount retinal staining, eyeballs were harvested and 
fixed in 4% PFA at 4°C for 2 hours, and the retinas were dissected and 
stained as described above. EdU labeling was performed by injecting i.p. 
EdU (50 μg/g, RiboBio, C00053) 4 hours before euthanasia and stain-
ing using the Cell Light EdU Apollo 567 In Vitro Kit (RiboBio, C10310-
1). RNA-ISH combined with fluorescent IHC was conducted using the 
RNA-Protein Co-Detection Ancillary Kit (323180; ACD Bio) according 
to the manufacturer’s protocol. The human pre-rRNA and pRNA (+551 
to +2,922 and –415 to –32, respectively, Genebank, U13369.1) probes 
were ordered from ACD Bio. Images were captured under a fluores-
cence microscope (NI-E, Nikon), confocal microscope (A1R, Nikon), or 
SIM microscope (N-SIM S, Nikon). The immunofluorescence staining 
images of human biopsies were quantified by TissueFAXS Q+ 2D/3D 
panoramic tissue cell imaging quantitative analysis system. The expres-
sion of SPEN, pre-rRNA, and pRNA in CD31+ ECs was quantified using 
IMARIS 9.0.1. Antibodies used are listed in Supplemental Table 5.

To detect hypoxia, mice were injected i.p. with pimonidazole 
hydrochloride (60 mg/kg, Cayman, 89130) 1 hour prior to tumor 
harvesting. Cryosections were stained with a Hypoxyprobe-1-Mab1 
kit (Hypoxyprobe, PAb2627AP). To examine vascular perfusion and 
leakage, mice were injected i.v. with 5 mg FITC-conjugated dextran 
2 MD (MilliporeSigma, FD2000s) or 0.25 mg Texas Red–conjugated 
dextran 70 KD (Invitrogen, D1864) and perfused by intracardiac infu-
sion with PBS 15 minutes after the injection under anesthetization. 
Immunostaining was conducted as described above.

For transmission electron microscopy (TEM), cells were trypsinized 
and fixed first in 2.5% glutaraldehyde and then in ferrocyanide-reduced 
osmium tetroxide. After uranyl staining en bloc, samples were embed-
ded in epoxy resin according to standard procedures. Ultrathin sections 
were obtained and observed under an electron microscope (Tecnai Spir-
it of FEI or JEM-1230, Japan Electronics Co. Ltd.).

Cell culture and transfection. LLC, B16-F10, and HEK-293T cells 
were obtained from ATCC and authenticated by both morphological 
analysis and short tandem repeat profiling. Cells were maintained in 
DMEM supplemented with 10% FCS. HUVECs were cultured in EC 
medium (ScienCell, 1001) supplemented with 5% FBS, 1% EC growth 
supplements, and 1% streptomycin-penicillin. HUVECs were used 
between passages 2 and 6. CX-5461 was applied at different concen-
trations, with 50 mM NaH2PO4 as the vehicle. Cycloheximide was 
used at the final concentration of 20 μM.
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PEG2000-cRGD), and 3.6 mg cholesterol were dissolved in 2 mL eth-
anol and transferred to solanum-shaped flask. Plasmids (pcDNA3.1, 
pcDNA3.1-pRNA [–232 to –1 of mouse rDNA, Genebank BK000964.3], 
refs. 71, 72, or pIRES2-dsRED) DNA (3 mg) were dissolved in 50 mM 
citrate buffer (pH4.0) containing 25% ethanol, and then slowly added 
into the flask. After 20 minutes of incubation, the mixture was treated 
with ultrasound and liposome extruder (100 nm filter). Free DNA was 
removed by a nanodialysis device. The encapsulation efficiency was 
between 86% and 91%.

RNA-Seq. Total RNA was extracted using TRIzol reagent from 
HUVECs or primary TECs. RNA quality was evaluated using an Agi-
lent 2200 Tape Station and RNase-free agarose gel electrophoresis. 
mRNA was enriched with oligo(dT) beads, fragmented with frag-
mentation buffer, and reverse transcribed with random primers. Sec-
ond-strand cDNA was synthesized, and the cDNA fragments were 
purified with a QIAquick PCR extraction kit (Qiagen), end repaired, 
and ligated to Illumina sequencing adapters. The ligation products 
were size-selected by agarose gel electrophoresis, amplified, and 
sequenced on an Illumina NovaSeq6000 platform for HUVECs 
(Gene Denovo Biotechnology Corporation) and on an Illumina Xten 
platform for TECs (Annoroad). Principal component analysis was 
performed based on the fast.prcomp function of gmodels in R pack-
age (version 3.6.0), where the parameter is set to scale = f and cen-
ter = t. After dimensionality reduction, the PCs were ranked based 
on the percentage of variance by each PC, and the first two PCs 
were extracted to draw a scatter plot with the geom_point function 
in ggplot2 package (version 2_3.3.5). Other bioinformatic analyses, 
including the differential gene expression analysis, pathway analy-
sis, and gene set enrichment analysis (GSEA), were performed using 
the OmicShare tools (73), a free online platform for data analysis, TB 
Tools software and GSEA2.2.4.

Immunoblotting. Cell lysates were prepared with RIPA buffer 
(Beyotime, P0013B) containing 1 mM phenylmethanesulfonyl flu-
oride (Thermo Fisher Scientific, 36978). Proteins were separated by 
SDS-PAGE and blotted onto polyvinylidene fluoride membranes. 
The membranes were blocked with 5% skim milk in PBS-0.1% 
Tween 20 and then incubated with primary antibodies at 4°C over-
night, followed by washing and incubation with secondary antibod-
ies at room temperature for 2 hours. After washing, the blots were 
developed with enhanced chemiluminescence (Thermo Fisher Sci-
entific) and detected using a ChemiScope Imaging System (Clinx 
Science Instruments). β-Actin was used as an internal reference. A 
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, P0028) 
was used to separate nuclear and cytoplasmic proteins, with β-actin 
and lamin A/C serving as references for cytoplasmic and nuclear 
proteins, respectively.

Immunoprecipitation. Cell lysates were prepared and quanti-
fied. Primary antibodies (10 μg) or isotype control were incubated 
with 30 μL Protein-G magnetic beads (Invitrogen, 10004D) for 2 
hours at 4°C with gentle rotation. Then, the antibody-coated beads 
were mixed with cell lysates with equal amounts of total proteins 
and incubated at 4°C overnight. The beads were washed 3 times 
with ice-cold PBS and boiled for 15 minutes in reductive loading 
buffer before SDS-PAGE and immunoblotting. For the detection of 
the MDM2/RPL5/RPL11/5S rRNA complex, cell lysates were first 
subjected to ultracentrifugation at 20,0000g for 2 hours at 4°C, fol-
lowed by routine immunoprecipitation and detection (74).

Fibrin bead sprouting assay. HUVECs expressing EGFP were cul-
tured in fresh EGM-2 medium (Lonza, CC-3162). HUVECs were incu-
bated with Cytodex 3 microbeads (400 cells per bead, MilliporeSig-
ma, C3275) at 37°C for 4 hours and then transferred into 12-well plates 
containing EGM-2 medium and cultured overnight. The next day, 
microbeads were embedded in fibrinogen (MilliporeSigma, F4883) 
containing 0.625 U/mL thrombin (MilliporeSigma, T4648) and 0.15 
U/mL aprotinin (MilliporeSigma, A1153) at a density of 100 beads/mL 
in a 48-well plate, and 0.5 mL EGM-2 medium was added to mouse 
lung fibroblasts (MRC5) (1 × 104 cells/well). The cells were cultured 
for 4 days with two medium changes. Images were captured under a 
fluorescence microscope, and sprouting was quantified by counting 
the number or length of sprouts.

RT-qPCR. Total RNA was extracted using TRIzol reagent (Invit-
rogen, 15596018). cDNA was synthesized with a reverse transcription 
kit (Takara, RR036A). Real-time PCR was conducted using a SYBR 
Premix Ex Taq Kit (Takara, RR820A) on an ABI QuantStudio 5 real-
time PCR system (Thermo Fisher Scientific), with β-actin as an inter-
nal control. For strand-specific RT-qPCR, RNA was extracted with the 
RNAprep Pure Kit (Tiangen, DP430), and genomic DNA was removed 
with RNase-free DNase I. Strand-specific primers were used to syn-
thesize sense or antisense chains using the Transcriptor First Strand 
cDNA Synthesis Kit (Roche, 4897030001), followed by real-time 
PCR. The 7SK sense transcript was used as a control. Primers used are 
listed in Supplemental Table 6.

ChIP-qPCR assay. ChIP was performed using a SimpleChIP 
Enzymatic Chromatin IP Kit (Cell Signaling Technology, 9003). 
Briefly, HUVECs were treated with 1% formaldehyde. Crosslinked 
chromatin was digested with micrococcal nuclease for 20 minutes 
at 37°C and sonicated. Antibodies or control IgG was applied to 
pull down fragmented chromatin, and chromatin-antibody com-
plexes were collected with protein-G beads and washed exten-
sively. After elution, DNA-protein crosslinks were reversed by 
incubation at 65°C for 2 hours. Precipitated DNA fragments were 
extracted and analyzed by qPCR, and the results were normalized 
to those of the genomic DNA preparations. Primers used are listed 
in Supplemental Table 6.

FACS. Cells were collected routinely. After erythrolysis, cells were 
resuspended in PBS containing 2% inactivated FBS and 0.1% NaN3 
and stained in the dark for 30 minutes with antibody cocktails on ice. 
Analysis was performed on a FACS Canto II instrument (BD Pharmin-
gen). Cell viability was evaluated with 7-amino-actinomycin D (BD 
Pharmingen, 559925). Data were analyzed using FlowJo V.10 software 
(TreeStar). Antibodies used are listed in Supplemental Table 5.

For cell cycle analysis, HUVECs were trypsinized and fixed in 
70% ethanol overnight. The fixed cells were incubated in PBS contain-
ing 0.2% Triton X-100, 100 μg/mL RNase A (Roche, 10109142001), 
and 50 μg/mL propidium iodide for 30 minutes at 37°C and analyzed 
with a FACSCalibur flow cytometer (BD Biosciences) or CytoFLEX 
flow cytometer (Beckman Coulter).

Preparation of cationic lipid nanoparticles. To prepare lipid nanopar-
ticles (Xi’an Ruixi Biological Technology Co. Ltd.) (54, 55), 60 mg 
soybean lecithin, 6 mg N-[1-(2,3-dioleoyloxy)-propyl]-N,N,N-trime-
thylammonium methyl-sulfate, 1.2 mg 1.2-distearoyl-sn-glyce-
ro-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] 
(DSPE-PEG2000), 2.4 mg 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)-2000]-c(RGDyK) (DSPE-
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