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A B S T R A C T

Endothelial cells (ECs) rely on glycolysis for energy production to maintain vascular homeostasis and the
normalization of hyperglycolysis in tumor vessels has recently gained attention as a therapeutic target. We
analyzed the TCGA database and found reduced Foxp1 expression in lung carcinoma. Immunostaining demon-
strated reduced expression more restricted at tumor vascular ECs. Therefore, we investigated the function and
mechanisms of Foxp1 in EC metabolism for tumor angiogenesis required for tumor growth. EC-Foxp1 deletion
mice exhibited a significant increase of tumor and retinal developmental angiogenesis and Hif1α was identified
as Foxp1 target gene, and Hk2 as Hif1α target gene. The Foxp1-Hif1α-Hk2 pathway in ECs is important in the
regulation of glycolytic metabolism to govern tumor angiogenesis. Finally, we used genetic deletion of EC-Hif1α
and RGD-peptide nanoparticles EC target delivery of Hif1α/Hk2-siRNAs to knockdown gene expression which
reduced the tumor EC hyperglycolysis state and restricted angiogenesis for tumor growth. This study advances
our understanding of EC metabolism for tumor angiogenesis, and meanwhile provides evidence for future
therapeutic intervention of hyperglycolysis in tumor ECs for suppression of tumor growth.
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1. Introduction

Endothelial cells (ECs) form the inner lining of blood vessels and are
essential for the normal function of the vascular system. The vascular
network expands in response to changing metabolic demands during
physiological embryonic development, organ growth or pathological
tumor growth to supply tissues with sufficient oxygen and nutrients [1,
2]. ECs stay mostly quiescent in physiological conditions; however, they
retain the capacity of rapid switch to a highly proliferative and

migratory state for initiation of new vessels formation in response to
injury or under pathological conditions, a process called sprouting
angiogenesis that is tightly regulated [1,2].

Tumor angiogenesis is the critical process required for tumor growth
and progression [3]. The newly formed vasculature within a tumor is
highly disordered both structurally and functionally, and ECs that
comprise tumor vasculature are poorly connected causing vessel leakage
and exposing the endothelium to a hypoxic microenvironment, there-
fore, most anti-angiogenic therapies have limited success and result in

Fig. 1. Reduced Foxp1 expression in lung tumors and endothelial Foxp1 deletion inhibits tumor angiogenesis and suppresses tumor growth. (A) Dataming
of TCGA database for Foxp1 expression in lung squamous cell carcinoma (LUSC) and adenocarcinoma (LUAD) compared to adjacent tissues. (B) Analysis of Foxp1
expression level and the survival time of LUSC patients in TCGA database of NIH Cancer Genome Atlas Program. (C–F) The representative images of Foxp1 im-
munostaining in vascular endothelial cells (ECs) of human LUSC samples from Shanghai Outdo Biotech compared to adjacent normal tissues (C–D), and of mouse LLC
xenograft tumor compared to the subcutaneous ECs indicated by white arrow heads (E–F), with quantification data on the right. (G) The schematic chart of tamoxifen
administration for induction of EC-Foxp1 deletion in mouse LLC1 xenograft tumor model. (H–J) The LLC1 xenograft tumor growth (H), final tumor size (I) and mass
(J) in Foxp1ECKO mutant and littermate wild-type control mice. (K–N) The representative images of tumor vessel density (K–L) and Ki-67 positive ECs marked with
arrow heads (M–N) in LLC1 xenograft sections of Foxp1ECKO mutant and wild-type mice, with quantification data on the right. All data were presented as mean ±

SEM, and analyzed using standard two-tailed Student’s t-test. *, P < 0.05; **, P < 0.01. Fig. 1L and N quantitative data in accordance with normal distribution. Scale
bars: C, E, 50 μm; I, 10 mm; K, 100 μm; M, 50 μm.
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acquired resistance to the increased hypoxia due to reduction of the
vasculature [2,4]. The metabolism of ECs has only recently been
recognized as a driving force of angiogenesis and targeting EC meta-
bolism could prove to be an alternative anti-angiogenic therapy [5,6].
Hence, it is pertinent to know how ECs alter their metabolism during
diseases in order to pave the way for novel therapeutic opportunities for
pathological angiogenesis, as in cancers.

ECs have a relatively low mitochondrial content and are dependent
on glycolysis for energy production [7]. The master regulators of hyp-
oxia response pathway, hypoxia-inducible factors (Hifs), reinforce the
glycolytic dependence of ECs under hypoxic conditions and promote ECs
angiogenesis through regulation of the expression of proteins that
mediate the cellular response to hypoxia [8–10]. However, the meta-
bolic alterations of ECs in response to hypoxia, especially in tumor
vasculature, have been relatively unexplored.

Foxp (forkhead box P) factors are large modular transcriptional re-
pressors that bind to DNA via their highly conserved forkhead DNA-
binding domain to regulate a large number of genes involved in cell
proliferation and differentiation required for normal organ development
[11,12]. Foxp1 is the most highly expressed Foxp family-protein in ECs
and was reported to stimulate angiogenesis [13], which is in contrast to
our finding that EC-Foxp1 deletion resulted in increased xenograft
tumor angiogenesis to promote tumor growth. In order to clarify this
discrepancy, we searched the TCGA database of the NIH Cancer Genome
Atlas Program and found reduced Foxp1 expression in lung squamous
cell carcinoma (LUSC) and lung adenocarcinoma (LUAD). Further
studies showed reduced Foxp1 expression more specifically in vascular
ECs of tumors, such as LUAD of human microarray and Lewis lung
carcinoma cell (LLC1) xenograft tumor model. Therefore, we generated
EC-Foxp1 loss-of-function and gain-of-function mice to explore the ef-
fects andmechanisms of Foxp1 on ECs metabolism that further influence
tumor angiogenesis required for tumor growth and progression, in order
to gain a deeper understanding of the detailed features and provide
novel metabolism-centric therapies of normalizing hyperglycolysis in
tumor ECs to suppress tumor growth.

2. Results

2.1. Foxp1 expression is reduced in lung tumor ECs and loss of Foxp1 in
ECs increases LLC1 xenograft tumor angiogenesis and promotes tumor
growth

Foxp1 is widely expressed in tissues important for development of
many organs and can serve as either a tumor suppressor [14,15] or an
oncogene [16–18]. We searched the TCGA database of NIH Cancer
Genome Atlas Program (http://www.cbioportal.org/) and the analysis
showed reduced Foxp1 expression in LUSC and lung adenocarcinoma
(LUAD) compared to the tissue adjacent to the tumor (Fig. 1A), and the
reduction of Foxp1 expression in tumors was associated with shorter
survival time of patients (Fig. 1B). Immunostaining of human LUAD
tissue microarray from Shanghai Outdo Biotech (Cat No. HLu-
gA030PG03) showed reduced Foxp1 expression more specifically in
tumor ECs (Fig. 1C–D) and the clinical information of LUAD patients
were shown in Supplementary Table 1. We further confirmed a signifi-
cant reduction of Foxp1 expression in ECs of Lewis lung carcinoma cell
(LLC1) xenograft tumor compared to the subcutaneous ECs adjacent to
the tumor (Fig. 1E–F). These results suggested a possible role of
EC-Foxp1 in the regulation of tumor angiogenesis influencing tumor
growth and progression.

To determine the in vivo effects of EC-Foxp1 on tumor angiogenesis
and further tumor growth, we generated EC-specific Foxp1 deletion
mice, Foxp1ECKO, and LLC1 xenograft tumor model was used as reported
in our previous study [19]. Tamoxifen administration for EC-Foxp1
specific deletion was shown in the schematic chart (Fig. 1G), and the
efficacy of EC-Foxp1 deletion in vascular ECs of Foxp1ECKO mice was
confirmed by Foxp1 immunostaining (Figs. S1A–B), reverse

transcription-quantitative polymerase chain reaction (RT-qPCR)
(Fig. S1C) and Western blot (Fig. S1D). Foxp1ECKO mice exhibited a
significant increase of tumor growth (Fig. 1H), and final tumor size and
mass (Fig. 1I–J) compared to the littermate control mice, with no sig-
nificant change of mouse body weight (Fig. S1E). A significant increase
of blood vessel density in tumors was observed (Fig. 1K–L) and
co-staining of Ki-67 and VE-cadherin showed a significantly elevated EC
proliferation in LLC1 xenograft tumors (Fig. 1M–N). Similarly elevated
tumor angiogenesis and tumor growth were observed in the B16 xeno-
graft tumor model upon EC-Foxp1 deletion (Figs. S2A–H). These results
demonstrate that EC-Foxp1 deletion increases xenograft tumor angio-
genesis and promotes tumor growth.

2.2. Loss of EC-Foxp1 promotes retinal angiogenesis and exerts in vitro
and ex vivo proangiogenic effects during hypoxia condition

As described above, EC-Foxp1 deletion mice had a significant in-
crease of xenograft tumor angiogenesis that promoted the tumor
growth. The result is in contrast to a previous study which reported that
EC-Foxp1 stimulates angiogenesis [13]. We used a well-established in
vivo retinal developmental angiogenesis mouse model and the schematic
chart of tamoxifen administration for EC-Foxp1 deletion in the retinal
angiogenesis model was shown in Fig. 2A. Consistent with previous
study, we observed a significant decrease of retinal vessel outgrowth
length (Fig. 2B and C) and branching points (Fig. 2B–D) in Foxp1ECKO

mice compared to the littermate wild-type control mice under normoxia
condition. However, Foxp1ECKO mice exhibited the opposite effects, with
a marked increase of retinal vessel outgrowth length and branching
points (Fig. 2B–D) under hypoxia condition, which is consistent with our
findings in the xenograft tumor angiogenesis model. These results
indicate that EC-Foxp1 exerts different angiogenic effects under nor-
moxia and hypoxia conditions, and a significant proangiogenic effect of
EC-Foxp1 deletion under hypoxia condition, such as in tumors, possibly
results in tumor growth.

Next, we examined whether EC-Foxp1 exerts similar opposite
angiogenic activities under normoxia and hypoxia conditions in vitro and
ex vivo. A HUVEC stable cell line carrying lentiviral Foxp1-siRNA was
generated and a significant reduction of Foxp1 expression was
confirmed in Foxp1 knockdown HUVECs compared to control lentiviral
scramble-siRNA HUVECs (Figs. S3A–C). A fibrin gel bead-based
sprouting assay showed reduced formation of tip cell sprouts and
reduced scattered cell numbers in Foxp1-siRNA knockdown HUVECs
compared to those of control scramble-siRNA under normoxia condition
(Fig. 2E–G). Conversely, we observed an increased formation of sprouts
and elevated scattered cell numbers in Foxp1-siRNA knockdown
HUVECs under hypoxia condition (Fig. 2E–G). Similar increased ex vivo
angiogenic sprouts of aortic ring explants under hypoxia condition were
observed from Foxp1ECKO mice compared to littermate wild-type control
mice (Fig. 2H–I). These results confirm a significant increase of proan-
giogenic activity under hypoxia condition in in vitro and ex vivo angio-
genesis models upon EC-Foxp1 deletion.

Endothelial proliferation and migration of ECs are important for
sprout angiogenesis. Our studies confirmed the significant increase of EC
proliferation under hypoxia in Foxp1 knockdown HUVECs, as shown by
Ki67 staining (Figs. S3D–E), cell count (Fig. S3F) and MTT assay
(Fig. S3G), as an increase of cell migration by Boyden chamber assay
(Figs. S3H–I) and scratch wound-healing assay (Figs. S3J–K), while we
used cleaved caspase-3 Western blot, annexin FACs analysis and Caspase
3 immunostainings to confirm that Foxp1 knockdown HUVECs did not
influence the death signals (Figs. S4A–E). These results suggest that the
increase of angiogenesis upon EC-Foxp1 knockdown under hypoxia is
due to an increase of EC proliferation and migration, not due to
apoptosis.
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2.3. EC-Foxp1 gain-of-function represses Hif1α-Hk2 pathway to
normalize the hyperglycolysis of tumor ECs and restrict the pro-angiogenic
effects and impair tumor growth

Contrary to EC-Foxp1 loss-of-function mice, EC-Foxp1 gain-of-func-
tion mice, Foxp1ECTg, exhibited significantly reduced tumor growth
(Fig. 3A) and final tumor size and mass (Fig. 3B–C), with a significant
reduction of blood vessel density (Fig. 3D–E) in LLC1 xenograft tumor
compared to the littermate control mice. Increased expression of Foxp1,
but reduced expression of Hif1α and Hk2, was confirmed by RT-qPCR
and Western blot in LLC1 xenograft tumor ECs of Foxp1ECTg mice
(Fig. 3F–G). Moreover, a significantly reduced retinal angiogenic growth
during hypoxia as shown by reduced outgrowth (Fig. 3H and I) and
branching points (Fig. 6H–J), was observed in Foxp1ECTg mice compared

to the littermate control mice. Similar pro-angiogenic suppression of
xenograft tumor vessels and impairment of tumor growth through the
Hif1α-Hk2 signal pathway were also observed in B16 xenograft tumor
model upon EC-Foxp1 gain-of-function (Figs. S5A–K). These results
indicate that EC-Foxp1 gain-of-function protects against tumor growth
through inhibition of the EC-Foxp1 dependent Hif1α-Hk2 pathway to
normalize the hyperglycolysis in tumor ECs and restrict the pro-
angiogenic effects in tumor vessels, suggesting a potential therapeutic
value of Hif1α-Hk2 pathway inhibition as anti-angiogenic agents for
tumor growth suppression. Finally, the mouse survival time in the
xenograft tumor model was examined and a significantly reduced sur-
vival time was observed in EC-Foxp1 deletion mice (Figs. S6A–B), with a
significantly prolonged time in EC-Foxp1 gain-of-function mice
(Figs. S6C–D).

Fig. 2. Sprouting angiogenesis is reduced under normoxia and increased under hypoxia following endothelial Foxp1 deletion. (A) A schematic chart of
tamoxifen administration for EC-Foxp1 deletion in mouse retinal angiogenesis model. (B–D) The representative image of retinal sprouting angiogenesis in Foxp1ECKO

mutant and wild-type mice under normoxia and hypoxia condition by whole-mount IB4 staining of P6 mouse retina indicated (B), with quantification data of retinal
outgrowth length (C) and branch points (D). (E–G) Fibrin gel bead-based in vitro sprouting assay, measured by tip cell sprouts and scattered cell numbers, in Foxp1-
siRNA knockdown or scramble-siRNA control HUVECs under normoxic and hypoxic condition, with representative image (E) and quantification data (F and G). (H–I)
The angiogenic sprouts of ex vivo aortic ring explants, measured by branch points, from Foxp1ECKO mutant and wild-type mice under normoxia and hypoxia con-
dition, with representative image (H) and quantification data (I). All data were presented as mean ± SEM, and analyzed using and 2-way ANOVA with Turkey post-
hoc test. *, P < 0.05; **, P < 0.01. Fig. 2C–D quantitative data in accordance with normal distribution. Scale bars: B, 500 μm, 100 μm; E, 100 μm; H, 30 μm; 100 μm.
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2.4. HIF1α is identified as a Foxp1 direct downstream target gene under
hypoxia and CDKN1A is identified as a FOXP1 direct downstream target
gene under normoxia for the regulation of angiogenesis in different oxygen
conditions

The tumor vasculature is disordered both structurally and function-
ally and ECs that comprise the tumor vasculature are poorly connected
causing vessel leakage and exposing the endothelium to a hypoxic
microenvironment. The transcription factor hypoxia-inducible factor 1α
(Hif1α) recently has been implicated in the regulation of many genes
responsible for EC metabolism that further regulates angiogenesis [20,
21]. To gain insight into the underlying molecular mechanisms of the
increased angiogenesis in tumor and developmental retina under hyp-
oxia condition upon EC-Foxp1 deletion, we searched ENDCODE and
GEO datasets with keywords Foxp1 Chromatin immunoprecipitation
sequence (ChIP-seq) to look for the direct target gene of FOXP1. Analysis
of IGV software downloaded wg data files in HUVEC and HepG2 with
human hg19 as a reference baseline showed that FOXP1 signal accu-
mulation peaks in HIF1α promoter region (Fig. 4A), suggesting HIF1α as
a possible direct downstream target gene of FOXP1. Sequence analysis
found many FOXP1 binding sites in the promoter region of HIF1α
(Fig. 4B), HIF1α mRNA levels (Fig. S7A) and ChIP-qPCR confirmed the
association of FOXP1 with HIF1α promoter (Fig. 4C) under hypoxia

condition. Luciferase assay demonstrated that Foxp1 expression vector
dose dependently repressed the promoter of HIF1α containing Foxp1
binding sites in ECs (Fig. 4D). Immunostaining (Fig. 4E) and Western
blot (Fig. 4F) of cultured ECs displayed a significant increase of HIF1α
expression under hypoxia condition upon FOXP1 knockdown. These
results indicate HIF1α as a FOXP1 direct downstream target gene in ECs.

HIF1α is unstable in well-oxygenated tissues, but stable in hypoxic
conditions, owing to the oxygen-dependent ubiquitin-mediated degra-
dation balance with pVHL ubiquitin E3 ligase for degradation [22] and
de-ubiquitinase ubiquitin specific peptidase 20 (USP20) preventing
degradation [23]. These data suggest that FOXP1 regulates HIF1α in ECs
through both transcription and oxygen-dependent ubiquitin-mediated
degradation, which further influences tumor angiogenesis required for
tumor growth.

FOXP1 was reported to directly repress cell cycle inhibitors p21− CIP1

(Cdkn1a) and p27− KIP1 and regulate leukemic cell growth [24,25]. We
confirmed a significant increase of CDKN1A expression upon FOXP1
deletion in ECs (Fig. 4F). Sequence analysis found many FOXP1 binding
sites in the promoter region of CDKN1A gene (Fig. S7B), ChIP-qPCR
confirmed an association of FOXP1 with CDKN1A promoter (Fig. S7C),
and luciferase assay confirmed that FOXP1 expression vector dose
dependently repressed the promoter of CDKN1A containing FOXP1
binding sites (Fig. S7D). Further immunostaining showed that FOXP1

Fig. 3. EC-Foxp1 gain-of-function represses Hif1α-Hk2 signal pathway to restrict the pro-angiogenic effects of tumor ECs and impair tumor growth. (A–E)
The tumor growth (A), final tumor size (B), tumor mass (C) and tumor vessel density (D–E) in EC-Foxp1 gain-of-function Foxp1ECTg mutant and littermate wild-type
control mice. (F–G) The expression of Hif1α and Hk2 in ECs of Foxp1ECTg mutant and wild-type mice by RT-qPCR (F) and Western blot (G). (H–J) The representative
images of retinal angiogenesis in Foxp1ECTg mutant and wild-type mice, with quantification of retinal outgrowth (I) and branch points (J). All data were presented as
mean ± SEM, and analyzed using standard two-tailed Student’s t-test. *, P < 0.05; **, P < 0.01. Scale bars: B, 10 mm; D, 50 μm; H, top, 500 μm, bottom, 100 μm.

J. Pi et al.
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Fig. 4. Hif1α is identified as a Foxp1 direct target gene under hypoxia and Cdkn1a under normoxia and Hif1α further regulates Hk2 controlling EC
glycolysis. (A) Analysis of FOXP1 signal accumulation peaks in HIF1α promoter region in mining FOXP1 ChIP-sequence database of HUVEC and HepG2 cell line. (B)
Sequence analysis of FOXP1 binding sites at HIF1α promoter region. (C) ChIP-qPCR of FOXP1 and HIF1α promoter. (D) The luciferase activity of the proximal-1kb
Hif1α promoter containing Foxp1 binding sites by Foxp1 expression vector. (E) Immunostaining of Hif1α in Foxp1ECKO mutant and wild-type mice. (F) HK1, HK2, P21
(CDKN1A) and HIF1α expression by Western blot in Foxp1ECKO mutant and wild-type mice under normoxic and hypoxic condition. (G) Analysis of Hif1α signal
accumulation peaks in Hk2 promoter region in mining Hif1α ChIP-sequence database of HUVECs. (H) Sequence analysis of HIF1α binding sites at HK2 promoter
region. (I) ChIP-qPCR of HIF1α and HK2 promoter. (J) The luciferase activity of the proximal-1kb Hk2 promoter containing Hif1α binding sites by hypoxia and Hif1α-
siRNA knockdown. (K) Measurement of glycolytic intermediates and lactate in tumor ECs of Foxp1ECKO mutant and wild-type mice under normoxic and hypoxic
condition by sigma assay kits, and the intermediates including glucose-6-phosphate (G-6-P), fructose-6-phosphate (F-6-P), Fructose 1, 6-bisphosphatase (F-1, 6-BP),
2-phosphoglycerate (2-PG), 3-phosphoglycerate (3-PG), Dihydroxyacetone phosphate (DHAP) and Phosphoenolpyruvate (PEP) Colorimetric/Fluorometric. (L) The
glucose consumption and lactate production of Foxp1 knockdown and scramble-siRNA HUVECs under hypoxia condition. All data were presented as mean ± SEM,
and analyzed using standard two-tailed Student’s t-test (C, I, L), 1-way ANOVA with Turkey post-hoc test (D, J) and 2-way ANOVA with Turkey post-hoc test (K). *, P
< 0.05; **, P < 0.01. Scale bars: E, 5 μm.
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deletion increased CDKN1A expression in ECs under normoxia and
hypoxia conditions (Figs. S7E–F).

Taken together, these results demonstrate that EC-Foxp1 deletion
could restrict angiogenesis under normoxia but promote angiogenesis
under hypoxia condition through the regulation of different target genes
with HIF1α during hypoxia and CDKN1A during normoxia.

2.5. FOXP1 targeting hypoxia gene HIF1α regulates HK2 for cell
glycolysis metabolism to govern EC phenotype

Recent EC metabolism studies reveal that glycolysis regulators can
drive vessel sprouting in parallel to the well-established growth factor-
based (genetic) signaling [26,27], as FGF regulation of glycolysis
rate-limiting enzyme hexokinase 2 (HK2) is important in EC prolifera-
tion and migration for vascular development [28]. HIF1α contains a
unique transactivation domain that allows preferential activation of
hypoxia-responsive glycolytic genes affecting glycolysis metabolism
[29]. We next searched ENDCODE and GEO datasets with keywords
HIF1α ChIP-sequence in HUVECs looking for HIF1α target genes as
described above. Significant HIF1α signal accumulation peaks in the
promoter region of HK2 in HUVECs (Fig. 4G), and sequence analysis
foundmany HIF1α binding sites in the promoter region ofHK2 (Fig. 4H),
suggesting a possible direct regulation of HK2 by HIF1α for glycolysis
metabolism in ECs. ChIP-qPCR indicated an association of HIF1α with
HK2 promoter (Fig. 4I) under hypoxia condition, and luciferase assay
showed that the proximal-1kb HK2 promoter containing HIF1α binding
sites was stimulated by decreased oxygen concentration and a signifi-
cant reversal upon HIF1α-siRNA knockdown (Fig. 4J). To define the
regulatory role of Foxp1-Hif1α-Hk2 pathway in EC glycolysis, we
analyzed the expression of HKs by Western blot. EC-Foxp1 deletion led
to a significant increase in HK2 especially under hypoxia, with minimal
expression changes of HK1 (Fig. 4F). Examination of the steady-state
levels of glycolytic metabolites including Glucose-6-Phosphate (G-6-P),
Fructose-6-Phosphate (F-6-P), Fructose 1, 6-bisphosphatase (F-1, 6-BP),
3-Phosphoglycerate (3-PG), 2-Phosphoglycerate (2-PG), Dihydroxyace-
tone phosphate (DHAP), Phosphoenolpyruvate (PEP) and lactate
demonstrated a robust increase in Foxp1ECKO mice under hypoxia
compared to wild-type mice (Fig. 4K), which was further confirmed by a
significant increase of glucose consumption and lactate production in
Foxp1 knockdown HUVECs under hypoxia (Fig. 4L). Further, we
examined the products of the pentose phosphate pathway and found
that NADPH was significantly increased in the Foxp1 knockout group
(Fig. S7G). These results demonstrate that the Foxp1-Hif1α-Hk2
pathway regulated ECs glycolysis metabolism alters ECs phenotype for
the regulation of its angiogenic activity.

2.6. EC-Hif1α deletion reverses the EC-Foxp1 deletion mediated
hyperglycolysis of tumor ECs and restricts angiogenesis for tumor growth

To define the regulatory step involved in Foxp1-dependent control of
Hif1α for glycolysis metabolism in ECs for angiogenic activity, we
generated EC-Foxp1 and EC-Hif1α double knockout mice, Foxp1ECKO;
Hif1αECKO. The tamoxifen administration for EC deletion of Foxp1 and
Hif1α was shown in the schematic chart (Fig. 5A) and high efficacy of
Hif1α deletion in vascular ECs of Hif1αECKO mutant mice was confirmed
(Fig. 5B–C). EC-Hif1α deletion significantly reversed the EC-Foxp1
deletion mediated increase of tumor growth (Fig. 5D), the final tumor
size and mass (Fig. 5E–F) compared to the littermate control mice. Im-
munostaining revealed a significant reversal of elevated blood vessel
density (Fig. 5G–H), that was consistent with the increased EC prolif-
eration as evidenced by co-staining of Ki-67 and VE-cadherin in LLC1
xenograft tumors (Fig. 5I–J). Further analysis of the steady-state levels
of glycolytic metabolites and lactate in xenograft tumor ECs of Fox-
p1ECKO;Hif1αECKO mice confirmed the EC-Hif1α deletion reversal of
tumor EC hyperglycolysis (Fig. 5K), which was further confirmed by
glucose consumption and lactate production experiment (Fig. 5L).

Moreover, we observed a similar reversal of EC-Hif1α knockdown for
EC-Foxp1 deletion mediated increase of angiogenic sprouts in ex vivo
aortic ring explants under hypoxia condition (Fig. 5M–N). These results
demonstrate that the EC-Foxp1-Hif1α-Hk2 pathway regulates the
glycolytic metabolism to control EC phenotype impacting tumor
angiogenesis and in turn tumor growth.

2.7. RGD-peptide magnetic nanoparticle target delivery of Hif1α-siRNA
or Hk2-siRNA into tumor ECs normalizes their hyperglycolysis and
restricts angiogenesis for tumor growth suppression

EC-Foxp1 deletion increased Hif1α expression in vascular ECs of
LLC1 xenograft tumors to enhance tumor angiogenesis and promote
tumor growth. We constructed RGD (Arg-Gly-Asp) peptide–containing
magnetic (Fe3O4) nanoparticles packaging siRNAs to achieve target
delivery of Hif1α-siRNA or Hk2-siRNA into tumor microvasculature for
specific blockade of EC-Hif1α-Hk2 signal pathways [19] in order to
determine the effects of Hif1α or Hk2 on tumor angiogenesis and further
tumor growth upon EC-Foxp1 deletion. RGD-nanoparticles were injec-
ted by the tail vein as shown in Fig. S8A, and the RGD peptide magnetic
nanoparticles entered tumor ECs specifically compared to the non-RGD
nanoparticles (Figs. S8B–C). A significant reduction of Hif1α
(Figs. S7D–E) or Hk2 (Figs. S7F–G) expression was confirmed in vascular
ECs of LLC1 xenograft tumors following injection of the nanoparticles.
Hif1α-siRNA knockdown by RGD-nanoparticles significantly reversed
the increased tumor growth (Fig. 6A), final tumor size (Fig. 6B) and
tumor mass (Fig. 6C) upon EC-Foxp1 deletion, as well as producing a
significant reversal of the elevated blood vessel density in LLC1 xeno-
graft tumor (Fig. 6E–F) in comparison with nanoparticles packing with
control scramble siRNA. Measurement of glycolytic metabolites and
lactate in xenograft tumor ECs demonstrated a significant normalization
of the metabolites in EC-Foxp1 deletion mice following injection of
nanoparticles packed with Hif1α-siRNA (Fig. 6D). Similarly, nano-
particles of Hk2-siRNA knockdown significantly suppressed the tumor
growth (Fig. 6G–I) through normalization of the elevation of glycolytic
metabolites (Fig. 6J), reversal of increased glucose consumption and
lactate production (Fig. 6M–N) that restricted the EC-Foxp1 deletion
mediated increase of xenograft tumor angiogenesis (Fig. 6K–L). More-
over, knockdown of Hif1α (Figs. S9A–I) or Hk2 (Figs. S10A–I) expression
in EC-Foxp1 deletion mice by RGD-nanoparticles exerted the similar
reversal of elevated glycolytic metabolites, further reversal of the
increased tumor vessel density, and finally suppression of tumor growth
in B16 xenograft tumor model (Figs. S9–10).

However, no significant alteration of tumor angiogenesis and tumor
growth was observed in EC-Foxp1 deletion mice following EC target
delivery of nanoparticles packaging with Cdkn1a (p21)-siRNA, the
Foxp1 target gene under normoxic condition (Fig. 6A–F). Measurement
of glycolytic metabolites and lactate in tumor ECs confirmed no alter-
ation in EC-Foxp1 deletion mice by Cdkn1a-siRNA nanoparticles
(Fig. 6D). Finally, we used the retinal developmental angiogenesis
model demonstrating that the nanoparticles carrying Cdkn1a-siRNA
significantly reversed the elevated retinal vessel outgrowth length upon
EC-Foxp1 deletion under normoxic condition, with no significant
alteration under hypoxic condition (Fig. 6O–Q), suggesting that EC-
Foxp1 regulation of the Hif1α-Hk2 signal pathway might be more
important in the regulation of tumor ECs metabolism for angiogenic
activity responsible for tumor growth that is under hypoxia condition.

Consistent with the in vivo findings, inhibition of Hif1α or Hk2
expression by RGD-nanoparticles packaging Hif1α-siRNA or Hk2-siRNA
significantly reversed the elevated angiogenic sprouting in ex vivo aortic
ring explants of EC-Foxp1 deletion mice (Figs. S11A–B), and in vitro
angiogenic sprouting in cultured ECs by fibrin gel bead-based sprouting
assay upon Foxp1-siRNA knockdown under hypoxia (Figs. S11C–D). A
similar reversal of the elevated cell proliferation and migration by RGD-
nanoparticles packaging Hif1α-siRNA or HK2-siRNA was observed in in
vitro cultured ECs upon Foxp1-siRNA knockdown under hypoxia
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compared to the control scramble siRNA, shown by cell proliferation
assay of Ki-67 staining (Figs. S11E–F), cell count (Fig. S11G) and MTT
assay (Fig. S11H), and cell migration assay of Boyden chamber assay
(Figs. S11I–J), respectively.

Taken together, these in vivo and in vitro results demonstrate that EC-
Foxp1 regulates different signal pathways for angiogenic activity under
hypoxia or normoxia conditions, with Foxp1 deletion mediated eleva-
tion of Hif1α-Hk2 pathway leading to EC hyperglycolysis, the micro-
environment that tumor vasculature has, to promote angiogenesis
required for tumor growth.

3. Discussion

In this study, database mining shows a reduced Foxp1 expression in
lung carcinoma LUSC and LUAD and a correlation of Foxp1 expression
level with the survival time of carcinoma patients was observed. We
confirm that Foxp1 expression is mainly reduced in tumor ECs, and that
EC-Foxp1 deletion exerts pro-angiogenic effects and promotes tumor
growth. Hif1α and in turn Hk2 are identified as Foxp1 downstream
target genes in ECs to regulate glycolytic metabolism for cell prolifera-
tion and migration without alteration of apoptosis, which is in line with
the repression of tumor vessel overgrowth to impair tumor growth
(Fig. 7).

ECs form the inner lining of blood vessels and are highly plastic cells.
ECs stay mostly quiescent and become active to switch rapidly into a
highly migratory and proliferative state during vessel sprouting in
response to tissue damage or as a result of pathological conditions such
as inflammation, cancer and diabetes. This angiogenic switch has long
been considered to be dictated by angiogenic growth factors and other
signals, e.g. Notch and cell cycle regulation as Cdkn1a, p21− CIP1 cell
cycle inhibitor [30,31]. Foxp1, a member of the FOX family of tran-
scription factors, has a broad range of functions, and could act as a
repressor of Cdkn1a and retinoblastoma protein (Rb) transcription to
directly interact with the tumor suppressor p53 and inhibit its activity
and drive osteosarcoma development [32]. Also, Foxp1 repressed the
expression of the p21− CIP1 and p27− KIP1 cell cycle inhibitors to drive
expansion of hematopoietic stem/progenitor and leukemia cells [25].
Our previous study indicated that endocardium Foxp1 regulated the
Sox17-β-catenin-FGFs pathway to control cardiomyocyte proliferation
for heart development [33]. In the current study, we identified Cdkn1a
as a Foxp1 direct target gene and EC-Foxp1 deletion increased p21
expression in ECs to restrict the retinal angiogenesis under normoxia
(Fig. 7). However, a significantly enhanced retinal angiogenesis was
observed under hypoxia, indicating other pathways might be involved in
the regulation of angiogenesis under hypoxic condition.

Recent studies reveal that glycolysis is the main energy source in the
endothelium with sprouting ECs having higher glycolysis rates in the
same range as many cancer cells, and the growth factors and tran-
scriptional signals converge on metabolic changes that drive vessel
sprouting [26,27]. VEGF-stimulated ECs doubled their glycolytic flux
through activation of PFKFB3, the second rate-limiting glycolysis
enzyme, to meet increased overall energy demands during EC prolifer-
ation and migration [26,34], and FGF-dependent regulation of HK2
endothelial glycolysis is crucial in developmental and adult vascular

growth [28], while flow-responsive transcription factor KL2 binds to the
PFKFB3 promoter to subsequently repress PFKFB3 transcription which
decreases sprouting capacity, vessel branching and outgrowth [35].

Tumor ECs rewire their central metabolism when becoming
dysfunctional and during pathological vessel overgrowth, and this
obvious connection between metabolic maladaptation and dysfunction
in tumor ECs calls for deeper understanding of the most detailed features
of EC metabolism to advance translation into therapeutics. We found
reduced Foxp1 in ECs of human lung carcinoma and LLC1 xenograft
tumors, and identified EC-Foxp1 regulation of its target gene Hif1α and
then Hk2 to govern tumor EC metabolism and function, and thereby
control tumor growth.

As angiogenesis is essential for tumor growth and metastasis, con-
trolling tumor-associated angiogenesis is a promising tactic in limiting
cancer growth and progression. The blood vessels surrounding the
tumor not only provide nutrients, oxygen and metabolites, but also
provide a pathway for tumor cells to metastasize. One of the major
challenges facing clinical anti-angiogenesis therapy today is how to
maximize the therapeutic effect and minimize side effects. Tumor
endothelial cells (TECs) are significantly different from normal ECs,
which are characterized by genetic instability, genetic heterogeneity,
anorexia resistance, metabolic abnormalities, resistance to anticancer
drugs, and maladaptive mechanical microenvironments [36]. TECs play
an important role in tumor progression and metastasis. There is growing
evidence that TECs are promising target than normal ECs [37], and the
complexity and intricate details of the tumor microenvironment remain
unclear, uniform standard is lacking in detecting TEC. A comprehensive
description of the tumor microenvironment and a better understanding
of the underlying mechanisms of how TECs form and function will help
find novel targets to overcome drug resistance and monitor the effects of
anti-angiogenic therapies [38,39]. Therefore, unlike current
anti-angiogenic therapies which block a single target and usually fail in
clinical use, mostly because of the induction of compensatory mecha-
nisms, targeting TEC metabolism is a more global approach to target key
metabolic players without inciting compensatory feedback mechanisms.
In this current study, we demonstrated that RGD-nanoparticle target
delivery of Hk2-siRNA specifically into TECs could improve the hyper-
glycolysis induced by upregulation of Hif1α upon EC-Foxp1 deletion and
inhibit its pro-angiogenic effects with further tumor growth suppression.

Further, we examined the products of the pentose phosphate
pathway and found that NADPHwas significantly increased in the Foxp1
knockout group (Fig. S7G). This result demonstrated that the Foxp1-
Hif1α-Hk2 pathway may also regulate ECs pentose phosphate meta-
bolism to participate in altering ECs phenotype for the regulation of its
angiogenic activity, but how EC-Foxp1-Hif1α-Hk2 pathway participated
in regulating pentose phosphate need further investigation.

In conclusion, this study found that EC-Foxp1 regulation of an Hif1α-
Hk2 pathway in the endothelium could improve the hyperglycolysis of
tumor ECs and restrict tumor angiogenesis, and further potently retard
tumor growth, therefore offering a novel strategy to improve anticancer
therapy.

Fig. 5. EC-Hif1α deletion reverses the EC-Foxp1 deletion mediated elevation of EC hyperglycolysis and restricts tumor angiogenesis for tumor growth
suppression. (A) The schematic chart of tamoxifen administration for induction of EC-Foxp1 and EC-Hif1α deletion in Foxp1ECKO;Hif1αECKO double knockout mice
for LLC1 xenograft tumor model. (B–C) The expression of Hif1α, Hk2 and p21 in ECs of Foxp1ECKO;Hif1αECKO, Hif1αECKO, Foxp1ECKO and littermate wild-type mice by
RT-qPCR (B) and Western blot (C). (D–F) The tumor growth (D), final tumor size (E) and tumor mass (F) in Foxp1ECKO;Hif1αECKO, Hif1αECKO, Foxp1ECKO and
littermate wild-type mice. (G–H) The representative images of vessel density (G–H) and co-staining of Ki67 indicated by white arrow heads and VE-cadherin (I–J) in
xenograft tumor sections of Foxp1ECKO;Hif1αECKO, Hif1αECKO, Foxp1ECKO and littermate wild-type mice, with quantification data on the right. (K) The measurement of
glycolytic intermediates and lactate in tumor ECs of Foxp1ECKO;Hif1αECKO, Hif1αECKO, Foxp1ECKO and littermate wild-type mice. (L) The glucose consumption and
lactate production in Foxp1/Hif1α, Hif1α, Foxp1 knockdown and scramble-siRNA control HUVECs. (M–N) The representative images of angiogenic sprouts of ex vivo
aortic ring explants from Foxp1ECKO;Hif1αECKO, Hif1αECKO, Foxp1ECKO and littermate wild-type mice, with quantification data on the right. All data were presented as
mean ± SEM, and analyzed using 2-way ANOVA with Turkey post-hoc test (B, D, F, H, J and K) and 1-way ANOVA with Turkey post-hoc test (N). *, P < 0.05; **, P <

0.01. Scale bars: E, 10 mm; G, I, 50 μm; M, 30 μm, 100 μm.
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4. Materials and methods

Detailed experimental procedures, mice and human lung squamous
cell carcinoma (LUSC) microarray tissue samples are described in online
materials and methods and all are available within the article and its
online supplementary files.
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