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Abstract

The crosstalk between angiogenesis and immunity within the tumor microenvironment (TME) is 

critical for tumor prognosis. While pro-angiogenic and immunosuppressive TME promote tumor 

growth, anti-angiogenic and immune stimulatory TME inhibit tumor progression. Therefore, there 

is a great interest in achieving vascular normalization to improve drug delivery and enhance anti-

tumor immunity. However, anti-vascular endothelial growth factor (VEGF) mechanisms to 

normalize tumor vessels have offered limited therapeutic efficacies for cancer patients. Herein, we 

report that Myct1, a direct target of ETV2, was nearly exclusively expressed in endothelial cells. 

In preclinical mouse tumor models, Myct1 deficiency reduced angiogenesis, enhanced high 

endothelial venule formation, and promoted an anti-tumor immune environment, leading to 

restricted tumor progression in Myct1 knockout mice. Analysis of The Cancer Genome Atlas 

(TCGA) datasets revealed a significant (p<0.05) correlation between MYCT1 expression, 

angiogenesis, and anti-tumor immunity in human cancers, as suggested by the decreased FOXP3 

expression and increased anti-tumor macrophages in patients with low MYCT1 expression. 

Mechanistically, MYCT1 interacted with tight junction protein Zona Occludens 1 and regulated 

Rho GTPase-mediated actin cytoskeleton dynamics, thereby promoting endothelial motility in the 

angiogenic environment. Myct1-deficient endothelial cells facilitated trans-endothelial migration 

of cytotoxic T lymphocytes and polarization of M1 macrophages. Myct1 targeting combined with 

anti-PD1 treatment significantly (p<0.05) increased complete tumor regression and long-term 

survival in anti-PD1-responsive and -refractory tumor models in mice. Our data collectively 

support a critical role for Myct1 in controlling tumor angiogenesis and reprogramming tumor 

immunity. Myct1-targeted vascular control, in combination with immunotherapy, may become an 

exciting therapeutic strategy.

One-sentence summary:

Myct1 inhibition controls tumor angiogenesis, remodels tumor immunity, and improves 

immunotherapy outcomes in mouse tumor models.

Introduction

Tumor vessels are irregular, tortuous, and leaky. These malfunctioning vessels lead to a 

hypoxic environment where tumors thrive and eventually metastasize to secondary sites. 

Following the initial report on the vasculature-dependent nature of solid tumor progression 

50 years ago (1), the notion of preventing new vessel formation as a way to treat cancers 

generated substantial interest. Extensive research has identified several critical pro-

angiogenic factors, including vascular endothelial growth factors (VEGFs) and fibroblast 

growth factors, as potential targets for anti-angiogenic therapies (2, 3). However, despite 

impressive potential shown in preclinical studies, anti-angiogenic strategies like anti-VEGF 

treatment generated only modest clinical outcomes in cancer patients, possibly due to 

temporary vascular normalization, angiogenic adaptive responses, and/or acquired resistance 
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by the tumor (4, 5). Pro-angiogenic factors like VEGFs are also required for physiological 

vascular maintenance, contributing to the related toxicities and poor clinical outcomes of 

anti-VEGF therapies (6–8). As such, new targets are required to develop anti-angiogenic 

approaches that may empower cancer management.

Immunotherapies such as immune checkpoint blockers and adoptive immune cell transfer 

have revolutionized the field of oncotherapy by enabling the regression and long-term 

control of previously incurable and aggressive tumors. However, they fail to produce clinical 

benefits in 50%−80% of treated patients (9), suggesting that further studies focusing on the 

functional crosstalk between different immunotherapeutic approaches and the constituents of 

the tumor microenvironment are needed. Accumulating data show that the abnormal nature 

of the tumor vessels also profoundly influences the outcome of different immunotherapeutic 

strategies (10, 11). Moreover, several recent preclinical studies have shown that a 

combination of immune checkpoint blockade with anti-angiogenic treatment could result in 

improved outcomes (12, 13). Better understanding of the crosstalk between the angiogenic 

determinants and immunotherapies may lead to more effective clinical strategies.

In this study, we identified Myct1 as a direct target of ETS transcription factor ETV2, a 

critical factor for vascular development, regeneration, and tumor angiogenesis (14–18). We 

found that although Myct1 is dispensable for vascular development and homeostasis, it is 

crucial for tumor progression through the regulation of tumor angiogenesis and tumor 

immunity. Remarkably, Myct1 inhibition in combination with anti-PD1 led to dramatic 

tumor regression. These findings establish a critical role for Myct1 in modulating the tumor 

vasculature and remodeling of immune constituents of the tumor microenvironment.

Results

Myct1 is a direct target of ETV2 and is an angiogenic regulator gene.

We first analyzed the expression profiles of more than 8,000 human cancer patients (from 

thirteen different cancer types) from The Cancer Genome Atlas (TCGA) database. We 

generated a list of the top 20 potential angiogenesis regulatory genes (Table 1 and table S1), 

whose expression correlates with “seed genes” that are well characterized in angiogenesis 

and endothelial cell (EC) biology (See Materials and Methods for details; table S2) (19–21). 

Comparing this list with the ETS transcription factor ETV2 transcriptional target genes (15), 

we found Flt1, Myct1, Ptprb, and S1pr1 as top potential angiogenesis regulatory genes 

downstream of ETV2. Unlike the other genes, Myct1 has never been implicated in 

angiogenesis; hence, we identified Myct1 as a potential angiogenic gene. Consistent with 

this idea, we found that Myct1 expression was mostly restricted to ECs (fig. S1A). Next, we 

performed a gene set variation analysis with TCGA-derived patient datasets using a 

signature of genes upregulated during angiogenesis to generate an “Angiogenic score” for 

every patient (table S3) (22). We found that MYCT1 expression was significantly (p<0.05) 

correlated with the “Angiogenic score” in all cancers analyzed (Fig. 1A and fig. S2A). 

Moreover, we found increased Myct1 expression in the tumor-ECs compared to the non-

tumor-ECs in mouse models (Fig. 1B). In line with this, our analysis of a recently published 

single-cell RNA sequencing dataset (GSE110501) (23) on the heterogeneous mouse tumor 

stromal population revealed that Myct1 expression is observed exclusively in the tumor-ECs 
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(fig. S3A–C). Additionally, in the same dataset, compared to the EC population from a 

healthy heart, the tumor-EC population had a higher number of cells that expressed Myct1 
(fig. S3D). Together, these observations suggest that Myct1 plays a role in tumor 

angiogenesis/vasculature in both human cancers and mouse tumors.

We identified one potential ETV2 binding site in the Myct1 promoter region by analyzing 

previously published ETV2 ChIP-Seq data (Fig. 1C) (15). This binding was validated by 

ChIP-qPCR (Fig. 1D) (14). Only ETV2 and no other ETS transcription factors, such as FLI1 

and ERG, activated different luciferase constructs made with varying sizes of the Myct1 
promoter region, all containing the ETS binding motif. Mutations of the ETS binding motifs 

reduced luciferase activity, implying that these sites were critical for ETV2 binding (Fig. 1E, 

1F, and S4A). In vitro overexpression of Myct1 rescued the tube-like structure formation, 

sprouting, and migration defects observed in the Etv2 deficient ECs (fig. S4B–E). Finally, 
Myct1 was downregulated in the tumor-ECs of the Etv2 conditional knockout (KO) mice 

(Fig. 1G) and intra-tumoral lentiviral Myct1 expression rescued impaired tumor growth and 

angiogenesis observed in Etv2 deficiency (17) (Fig. 1H and 1I). In this experiment, intra-

tumoral lentiviral Myct1 injection resulted in enforced expression of Myct1 in ECs, as well 

as in tumor cells and hematopoietic cells (fig. S4F). To assess whether the observed 

phenotypic rescue is from non-endothelial enforced Myct1 expression, we generated Myct1 
overexpressing Lewis lung carcinoma (LLC) tumor cells and found that there is no growth 

advantage for these Myct1 overexpressing tumor cells in the wild-type (WT) mice (fig. S4G 

and S4H). Additionally, tumor growth patterns in our bone-marrow chimeric mice suggest 

that Myct1 expression in hematopoietic cells does not contribute to tumor growth (as 

described below; see Fig. 2G–J). Together, these results suggested that Myct1 was a direct 

target gene of ETV2 that regulates the angiogenic functionalities of ECs.

Myct1 is dispensable for vascular development and homeostasis in mice and zebrafish.

We generated Myct1−/− (Myct1 KO) mice by utilizing the CRISPR/CAS9 technology. 

Briefly, we designed gRNA to target the first exon of the Myct1 gene and injected it together 

with Cas9 mRNA into fertilized eggs (Details in the Materials and Method section; fig. S4I–

K). By crossing the candidate knockout founder to wild-type mice, we generated 

heterozygous (Myct1+/−) offspring and obtained Myct1 KO mice from brother-sister 

matings. Myct1 expression was undetected in the ECs isolated from the lungs of the KO 

animals (fig. S4L), confirming the efficient deletion of the gene. Myct1 KO mice appeared 

normal and exhibited histologically regular vasculature in different organ beds. Vital 

cardiovascular parameters (Fig. 1J), compliance profiles of the ascending aorta and carotid 

artery (Fig. 1K), and clinically relevant cardiac functions (Fig. 1L) were similar between the 

Myct1 KO and littermate control mice. Similarly, myct1 zebrafish morphants showed 

minimal defects in vascular development (fig. S4M). Together, these observations suggested 

that Myct1 was dispensable for vascular development, maintenance, and homeostatic 

functions.
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Myct1 is required for efficient tumor growth and tumor vasculature in multiple mouse 
models.

Since high Myct1 expression is observed in tumor ECs, we determined whether Myct1 
deficiency has any impact on tumor growth by employing five different (one transgenic, 

three subcutaneous transplantation, and one orthotopic transplantation) mouse models of 

cancer. For the transgenic model, we developed MMTV-PyMT; Myct1−/− mice as a 

spontaneous breast cancer model and tracked the development and progression of the tumor 

in the mammary gland (fig. S5A). For transplantation models, we subcutaneously 

transplanted Lewis lung carcinoma (LLC-GFP) (17), B16F10 melanoma, and 1956 sarcoma 

tumor cells (24) and orthotopically transplanted PyMT-BO1 mammary tumor cells (25) to 

the mammary fat pad as described previously (17, 26). Compared to WT mice, Myct1 KO 

mice showed retarded tumor growth in all five of the tumor models; the growth restricted 

tumors had reduced counts of tumor vessels, which had better pericyte coverages (Fig. 2A–

2F and fig. S5B–S5F). Moreover, Myct1 KO mice exhibited subsided intra-tumoral hypoxia 

(fig. S6A), improved vascular perfusion (fig. S6B), and reduced vascular leakage (fig. S6C). 

These data demonstrated that although not essential for vascular development and 

maintenance, Myct1 deficiency led to reduced tumor growth and normalization of tumor 

vessels.

Endothelial Myct1 is critical for tumor growth in mice.

While Myct1 expression was mostly restricted to the ECs, Myct1 was also expressed in 

hematopoietic stem and progenitor cells (fig. S1A. See also fig. S3A–C) (27–29). To 

evaluate whether the observed growth restrictive phenotype is dependent on EC-specific 

Myct1, we generated two distinct bone marrow chimeras: ‘WT hematopoietic/Myct1 KO 

background’ and ‘Myct1 KO hematopoietic/WT background’ (fig. S7A) mice. ‘WT 

hematopoietic/Myct1 KO background’ chimeric mice exhibited impaired tumor growth and 

vascular network formation, a phenotype similar to Myct1 KO mice (Fig. 2G and 2H). 

However, ‘Myct1 KO hematopoietic/WT background’ chimeric mice exhibited tumor 

growth comparable to WT mice (Fig. 2I and 2J). Moreover, endothelial-specific Myct1 
deletion in mice (Cdh5-cre Myct1f/f) recapitulated the global Myct1 KO phenotype of 

retarded tumor growth and reduced angiogenesis, together suggesting that hematopoietic 

Myct1 expression was dispensable for tumor progression (fig. S7B–D).

To investigate whether Myct1 plays any role(s) in tumor cells, we assessed Myct1 
expression in the tumor cell lines utilized earlier in the present study and found that Myct1 
expression was not detectable (fig. S8A). To investigate whether synthetic Myct1 expression 

in tumor cells contributes to growth, we genetically modified LLC tumor cells with either 

Myct1 shRNA or Myct1 overexpressing lentivirus and the PyMT-BO1 tumor cells with 

Myct1 siRNA. We found that either Myct1 siRNA or shRNA treatment or enforced 

expression of Myct1 in the tumor cells did not play any role in tumor growth kinetics (fig. 

S8B–E). Additionally, tumor explants from neither the WT nor the Myct1 KO MMTV-

PyMT mice exhibited any growth defects in the WT recipient mice. However, explants from 

both types of mice showed tumor growth defects in the Myct1 KO recipient mice (fig. S8F). 

Together these data suggest that Myct1 function in the observed phenotype is tumor cell 

independent. We also modified a human fibroblast cell line (BJ-5ta) that does not express 
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MYCT1 by treating with MYCT1 shRNA or enforcing the expression of MYCT1 with 

lentivirus. We found that neither of the modifications impacted the growth kinetics and 

angiogenic sprouting of the fibroblasts (fig. S8G–I). Collectively, these data suggested an 

endothelial-specific role of Myct1 in tumor growth and angiogenesis.

Myct1 is also required for vascular regeneration in mice.

To investigate whether Myct1 is required exclusively for tumor angiogenesis, we utilized a 

mouse hindlimb ischemia injury model as described previously (18). We found that 

following the injury, Myct1 KO mice had a lower blood perfusion recovery and 

neovascularization of the injured area compared to WT mice (fig. S8J and S8K), suggesting 

that the Myct1 requirement is not exclusive to tumor angiogenesis - other forms of 

neovascularization also require Myct1.

MYCT1 interacts with ZO1 and regulates EC motility through actin cytoskeleton in vitro.

Because very little is known about the cellular functions of Myct1, we first assessed the 

subcellular localization of MYCT1 in ECs. To this end, we generated mouse cardiac EC 

lines (MCEC) expressing either N-terminal HA-tagged or C-terminal FLAG-tagged mouse 

Myct1 (Fig. 3A). Flow cytometric analysis revealed that in the intact cells, whereas the anti-

HA antibody recognized HA-MYCT1, the anti-FLAG antibody did not recognize MYCT1-

FLAG. On the contrary, both the antibodies recognized HA-MYCT1 and MYCT1-FLAG in 

permeabilized cells (Fig. 3A). Immunofluorescence with anti-HA and anti-FLAG antibodies 

showed that MYCT1 is indeed present at the plasma membrane, as well as in the cytoplasm, 

where it was found colocalized mainly with GM130+ and GIANTIN+ Golgi apparatus (fig. 

S9A–C). Collectively, these results demonstrated that MYCT1 is a membrane-spanning 

protein with an extracellular N-terminal and an intracellular C-terminal, consistent with a 

previous structural prediction based on bioinformatic analysis of MYCT1 (30).

We next developed Myct1 knockdown (KD) MCEC cells (fig. S9D) and assessed EC 

functionalities. We did not observe any proliferative or maintenance disparity compared to 

the parental cells, as supported by the similar cell cycle distribution between parental and 

Myct1 KD cells (Fig. 3B and fig. S9E). However, Myct1 KD MCEC cells showed defects in 

tube-like structure formation in the Matrigel assay (Fig. 3C) and tumor spheroid/EC co-

culture assay (Fig. 3D and fig. S9F). Myct1 KD MCEC cells also displayed defects in sprout 

formation on the fibrin gel matrix (Fig. 3E and 3F). Additionally, Myct1 KD MCEC cells 

lost their migratory characteristics, as shown in the Boyden chamber tumor-chemotaxis 

assay (Fig. 3G and fig. S9G) and wound-closure assay (Fig. 3H). Importantly, parental cells 

utilized in these studies did not show any difference compared to the sham shRNA or empty 

vector control transduced cells (fig. S9H and S9I). Together, these findings suggested that 

while Myct1 is not required for the steady-state maintenance of ECs, it is essential for ECs 

responses in the angiogenic environment.

Different phases of angiogenesis, such as sprouting, migration, and tube-like-structure 

formation, require EC alignment and directional movement in response to angiogenic cues 

(31). To understand why Myct1 KD ECs show defective migratory properties in the 

angiogenic environment, we assessed the downstream effectors of Myct1 in regulating EC 
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motility. Specifically, we extracted RNA from sprouts formed in the fibrin gel matrix (see 

Fig. 3E) and performed a PCR array for genes that regulate cellular motility (fig. S9J). 

Genes that regulate actin cytoskeleton dynamics and cell adhesion turnover such as Capn2, 
Actin, Actinr2 and 3, Cfl1, Rdx, Myl12a, and Wasf1 were downregulated in the Myct1 KD 

MCEC sprouts (fig. S9J). Rhoa and Rhoc, which are required for the formation of actin 

stress fibers, cell retraction following protrusions, and overall movement (32), were also 

downregulated (fig. S9J), implying that Rho GTPase signaling is defective in Myct1 KD 

cells. Intriguingly, elements of RAC signaling, such as Rac1, Arhgef7, and Stat3, were 

upregulated in the Myct1 KD sprouts, suggesting an unbalanced hyperactivation of RAC 

signaling, which regulates the formation of leading-edge protrusion during cell movement 

(32). Consistent with this idea, Myct1 KD MCEC cells in both 2D culture (Fig. 3I) and 

scattered 3D tube structures (fig. S9K) formed virtually no stress fibers, which are critical 

for cellular contractility-relaxation, adhesion, and migration (33). Notably, Arhgdia, a Rho 

GDP dissociation inhibitor that keeps Rho GTPase proteins in their inactive forms (34), was 

highly upregulated in the Myct1 KD MCEC sprouts (fig. S9J), again implying a 

dysregulated Rho GTPase signaling. Congruent with this idea, Arhgdia knockdown 

moderately rescued the Myct1 KD MCEC phenotype (fig. S9L–N).

Next, we characterized MYCT1 binding partners by taking a target-directed approach. Using 

proteomics analysis, we identified ZO1 (Zona Occludens 1, also known as tight junction 

protein 1) and CKAP4 as potential candidates for binding MYCT1 (Supplementary Excel 

file 1). We confirmed ZO1 and CKAP4 as binding partners of MYCT1 by utilizing co-

immunoprecipitation followed by western blot. Intriguingly, we found that, although ZO1 

and CKAP4 do not bind directly to each other, MYCT1 binds both of them together in a 

complex (Fig. 3J and 3K). Immunofluorescence also supported the interaction between 

MYCT1 and ZO1 by co-localization (Fig. 3L). A similar binding pattern between MYCT1 

and CKAP4 in HEK293T cells was also reported in a previous study (35). Since ZO1 plays 

a critical role in EC functions such as barrier formation, tension, and migration (36) and 

RHOA regulates endothelial tight junction maintenance and barrier formation in close 

association with ZO1 (37), we investigated whether there is a functional interplay between 

MYCT1, ZO1, and RHOA through a series of combined knockdown and overexpression of 

these genes in MCEC cells. We found that similar to Myct1 KD, downregulation of either 

Zo1 or Rhoa led to impaired sprouting and tube formation of ECs in the angiogenic 

environment. These angiogenic defects of Myct1 deficient ECs were partially rescued by 

Zo1 overexpression; likewise, Zo1 deficiency phenotypes were partially rescued by Myct1 
overexpression (Fig. 3M and fig. S10A–C). We observed similar, although to a somewhat 

lesser extent, interplay between Myct1 and Rhoa as well (Fig. 3M and fig. S10A–C), 

suggesting that MYCT1-ZO1 complex works in close functional association with RHOA to 

control the actin cytoskeleton. Intriguingly, both the parental and Myct1 KD cells responded 

similarly to VEGF in a fibrin gel sprouting assay, suggesting that Myct1 might regulate ECs 

angiogenic functionalities independently of VEGF (fig. S10D). Collectively, these data 

suggested that MYCT1 regulates directional movement of ECs in the angiogenic 

environment through controlling actin cytoskeleton dynamics.
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Endothelial MYCT1 function is evolutionarily conserved between human and mouse

Mouse MYCT1 protein shares an 85% sequence identity with the human MYCT1 protein 

(30, 35) (fig. S11A). To determine whether MYCT1 function is conserved between human 

and mouse, we knocked-down human MYCT1 in HUVEC (HUVEC hMKD) cells (fig. 

S11B). Similar to the Myct1 KD MCEC cells, HUVEC hMKD cells displayed severely 

impaired tube-like-structure generation, sprout formation, and migration capabilities (Fig. 

4A–C). Importantly, enforced expression of mouse Myct1 almost completely rescued the 

human MYCT1 KD defects and vice-versa in vitro (Fig. 4A–F and fig. S11B). Moreover, 

both the mouse and human MYCT1 overexpression rescued the impaired tumor growth and 

reduced angiogenesis phenotype of the Myct1 KO mice in a subcutaneous tumor 

transplantation model (Fig. 4G, 4H, and fig. S11C). Again, although the lentiviral treatment 

induced Myct1 over expression in tumor cells and hematopoietic cells along with the ECs, 

as we described above (see fig. S8A–I), the observed rescue of the tumor phenotype in this 

experiment is most likely from endothelial Myct1. Together, these data suggest that the 

MYCT1 function in EC is conserved between human and mouse.

Analysis of mouse tumor endothelial transcriptome reveals Myct1 regulation of 
angiogenesis and immune responses.

To better understand the tumor endothelial heterogeneity and the potential roles of Myct1 in 

tumor-ECs, we performed single-cell RNA-sequencing on sorted tumor-ECs from the 

PyMT-BO1 orthotopic tumor bearing WT and Cdh5-cre Myct1f/f mice using the 10X-

genomics platform. Unsupervised hierarchical and Seurat cell-clustering analysis (38–41) 

(using a total of 965 ECs) revealed heterogeneity in the tumor endothelium. We identified 

distinct clusters of angiogenic, tip-like, stalk-like, proliferating, and transitionary ECs (Fig. 

5A, 5B, and fig. S12A). Compared to WT tumor-ECs, Myct1 KO tumor-ECs had a vastly 

different transcriptional landscape, as evidenced by the reduced angiogenic and tip-like cell 

populations that are enriched for biological processes related to growth factor activities and 

invasive vascularization as per Gene Set Enrichment Analysis (Fig. 5C–H) (42). Myct1 KO 

tumor-ECs had increased stalk-like and transitionary cell populations that were enriched for 

biological processes related to leukocyte transendothelial migration, oxidative 

phosphorylation, and antigen presentation and processing (Fig. 5I–N), collectively reflecting 

on the Myct1 requirement for aggressive tumor angiogenesis and tumor immune 

modulation. We applied SCENIC (Single-cell rEgulatory Network Inference and Clustering) 

(43), which scans co-expression of transcription factors and putative target genes, and found 

that WT and Myct1 KO tumor-ECs were in transcriptionally distinct cellular states (Fig. 

5O). While angiogenic transcriptional networks were driving the gene expressions in WT 

tumor-ECs, transcription factors for immune responses were among the prominent 

transcriptional drivers for gene expressions in Myct1 KO tumor-ECs (Fig. 5P).

Additionally, we observed similar patterns of transcriptional activities even in the WT 

tumor-ECs grouped as Myct1high and Myct1low expressing cells in one other tumor model. 

Briefly, we performed single-cell RNA-sequencing on sorted tumor-ECs from the LLC 

subcutaneous transplantation tumor model with only WT mice using the 10X-genomics 

platform. Unsupervised hierarchical cell-clustering analysis (using a total of 1977 ECs) 

revealed a similar heterogeneity and Myct1 expression pattern in the tumor-ECs (fig. S13A–
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D). Gene Set Variance Analysis for biological activities on the tumor-ECs based on high and 

low Myct1 expression revealed a similar enrichment pattern as the WT vs Myct1 KO tumor-

ECs. As such, Myct1low ECs were enriched for biological processes related to leukocyte 

transendothelial migration, whereas Myct1high ECs were enriched for processes related to 

active vascularization (fig. S13E).

Myct1 deficiency leads to increased formation of high endothelial venules (HEV) in mouse 
tumors and an overall immunostimulatory tumor microenvironment.

While Myct1 KO mice exhibited reduced tumor vessel formation, we found that they 

developed more intra-tumoral high endothelial venules (HEV) compared to the WT mice 

(Fig. 6A and fig. S14A–C). HEVs are specialized vascular structures that mediate large scale 

lymphocyte extravasation in lymphoid organs and inflammatory sites. In solid tumors, HEVs 

preferentially facilitate infiltration of CD8+ cytotoxic T lymphocytes (CTL) into the tumor, 

and their presence is correlated with reduced tumor growth and favorable prognosis in 

cancer patients (44). The potential role(s) of Myct1 in leukocyte adhesion and endothelial 

transmigration (see Fig. 5I–K and fig. S13E) and HEV formation (Fig. 6A and fig. S14A–C) 

suggested a possible alteration of tumor immune environment in the Myct1 KO mice. 

Indeed, flow cytometric analysis revealed that tumors from Myct1 KO mice exhibited an 

increase of CTLs and a decrease of immunosuppressive regulatory T cells (Treg), as evident 

by the increased ‘CD8-to-Treg ratios’ in all the tumor models (Fig. 6B, 6C and fig. S14D, 

S14E). Likewise, tumors from Myct1 KO mice had an increased M1-macrophage population 

and a decreased M2-macrophage population; further manifested by the increased ‘M1-to-M2 

ratios’ in all the tumor models (Fig. 6B, 6C). Similar to the Myct1 KO mice, Etv2 
conditional KO mice exhibited normalization of tumor vasculature and an 

immunostimulatory tumor microenvironment, as evidenced by the increased ‘CD8-to-Treg’ 

and ‘M1-to-M2’ ratios (fig. S14F; also see Fig. 1H, 1I) (17). Intriguingly, this anti-tumor 

immune environment was reversed to a pro-tumor environment following enforced Myct1 
expression (fig. S14F). Moreover, analysis of TCGA-derived cancer datasets using an 

immune-cell-deconvolution algorithm from CIBERSORT (45) revealed similar trends. 

Tumor samples with low MYCT1 expression showed decreased FOXP3 expression, a 

marker for regulatory T cells, and increased ‘M1-to-M2 ratio’ compared to the high 

expression group (Fig. 6D). Additionally, in some cancer types, tumor samples with low 

MYCT1 expression also exhibited higher frequencies of activated natural killer (NK) cells 

and activated dendritic cells (DC) (fig. S14G). Collectively, these observations suggested 

that Myct1 deficiency in tumor endothelial cells promotes an anti-tumor immune 

microenvironment.

Vascular normalization-mediated tumor growth restriction observed in Myct1 KO mice is 
dependent on adaptive immunity.

If, indeed, the increased CTLs in Myct1 KO tumor contributed to the tumor growth 

restriction, the ablation of CTLs should restore the tumor growth. To this end, we utilized 

neutralizing antibodies to deplete CD4+ and CD8+ T cell compartments in the tumor-bearing 

Myct1 KO mice and found that the tumor growth restriction was completely abrogated (Fig. 

6E and fig. S14H), suggesting that the presence of the adaptive immunity was essential for 

the anti-tumor activity of Myct1-mediated tumor vessel normalization. This crosstalk 
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between tumor vascular control and adaptive immunity was partly IFNγ-mediated. While 

IFNγ neutralizing antibody abrogated tumor growth restriction phenotype of Myct1 KO 

mice, mimicking the CD4+ and CD8+ T cell depletion, recombinant IFNγ treatment 

partially restored the phenotype in CD4+ and CD8+ T-cell-depleted Myct1 KO mice (Fig. 

6F). Together, our data demonstrate that Myct1-mediated tumor vascular control actively 

shapes the tumor microenvironment through a close engagement with adaptive immunity. 

Notably, we also observed a small but statistically significant (p<0.05) increase in tumor 

vessels in the CD4+ and CD8+ T cell-depleted Myct1 KO mice (fig. S14I). This observation 

was similar in principle to a previous report that depletion of CD8+ T cells was associated 

with a dramatic increase in tumor microvascular frequency (46). However, the lack of Myct1 
could be the reason why we observed only a modest increase of tumor vasculature even after 

T cell depletion.

Myct1-deficient ECs promote T cell trafficking and skew macrophage polarization in the 
angiogenic environment.

Since both the Myct1 KO and Myct1low tumor-ECs were enriched for leukocyte adhesion 

and transendothelial migration (Fig. 5I–K and fig. S13E), we evaluated whether Myct1-

deficient ECs supported more T cell infiltration. By utilizing a modified T cell 

transendothelial migration assay as described previously (47), we found that CD8+ T cells 

transmigrated through the Myct1-deficient EC barrier more compared to the WT EC barrier 

(Fig. 6G). However, Treg cells did not display any difference in transmigration between the 

WT or Myct1 deficient ECs (fig. S14J). Mechanistically, Myct1 KO tumor-ECs showed 

increased expression of endothelial adhesion molecules E-and P-selectin, ICAM-1, and 

VCAM-1 (Fig. 6H and fig. S14K). Moreover, Myct1 KO tumor-ECs had increased 

expression of Rac1 and associated effector molecules such as Trio, Tiam, and Rhog (Fig. 6H 

and fig. S14K). This upregulation of the Rac1-mediated pathway is crucial as RAC1 

inhibition by NSC23766 abrogated the increased T cell migration phenotype (Fig. 6G and 

fig. S14J). Additionally, tumor endothelium is known to express immune-suppressor 

molecules, such as PDL1, PDL2, Fas ligand, and TRAIL (48–51). We found that the 

expression of Fas ligand (Faslg), which can induce apoptosis of infiltrating CD8+ T cells by 

binding to the cognate FAS receptor (51), was downregulated in Myct1 KO tumor-ECs (Fig. 

6I). We observed a similar trend in the tumor samples with low MYCT1 expression 

compared to the samples with high MYCT1 expression in some human cancer types (Fig. 

6J). Finally, we investigated whether Myct1 expression in tumor endothelium had any direct 

impact on macrophage polarization. In the presence of respective M1 or M2 polarizing 

cytokines, Myct1-deficient ECs promoted more M1-like and less M2-like macrophage 

polarization from monocytes (Fig. 6K). Intriguingly, tumor-ECs in Myct1 KO mice 

exhibited reduced expression of Nos2 and Nos3 (Fig. 6L and fig. S14L), which have been 

shown to affect M1- and M2-macrophage polarization (52–54), suggesting a potential role 

for nitric oxide synthase (NOS) in the observed anti-tumor macrophage skewing. Together, 

this series of investigations provided a mechanistic explanation for the observed anti-tumor 

T-cell and macrophage remodeling phenotype in the Myct1 KO mice.
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Targeting of Myct1 improves anti-PD1 immunotherapy outcomes in mice.

The success of the immune checkpoint blockade-mediated immunotherapeutic approach 

partially relies on the presence of CTLs in the tumor microenvironment. Since our data show 

that Myct1-deficient tumor endothelium promotes CTL infiltration, addition of anti-PD1 to 

prevent CTL exhaustion might provide a synergistic and superior treatment outcome. As 

such, we assessed the efficacy and usefulness of the combined anti-Myct1 and anti-PD1 

treatment approaches in both anti-PD1-responsive and anti-PD1-refractory tumor models. 

First, we utilized an anti-PD1-responsive 1956 sarcoma subcutaneous transplantation tumor 

model that responds completely to an early-onset scheme of anti-PD1 treatment, but not to 

late-onset schemes (24). To this end, we validated different modalities of anti-PD1 therapy 

in this tumor model and found that a late-onset treatment starting from 9-days post-tumor 

transplantation did not result in total regression, but somewhat slowed tumor progression 

with eventual complete relapse of the tumor in WT mice (Fig. 7A). We treated the tumor-

bearing Myct1 KO mice with this late-onset anti-PD1 scheme and observed dramatic tumor 

regression within 12 days of treatment initiation (Fig. 7B). This short-term regression led to 

complete tumor regression in all but one treated mouse (7 out of 8) (Fig. 7C). Supporting our 

observation that endothelial-specific Myct1 regulates the tumor growth and angiogenesis, 

Cdh5-cre Myct1f/f mice demonstrated a similar tumor regression with this late-onset anti-

PD1 treatment scheme (fig. S15A). To determine whether a systemic anti-Myct1 approach 

confers similar anti-tumor activity, we utilized a Myct1 directed siRNA-peptide nanoparticle 

treatment approach in WT mice (17, 55) either alone or in combination with DC101 (a 

VEGF receptor 2 (VEGFR2) blocking antibody) and/or anti-PD1, following a similar late-

onset treatment scheme (Fig. 7D). We found that combined anti-PD1 and anti-Myct1 
treatment restricted tumor progression in all the treated mice (Fig. 7D), with a complete 

regression in 25% of the mice (2 out of 8) (Fig. 7E). In comparison, combined anti-PD1 and 

DC101 treatment also produced significant (p<0.05) short-term tumor growth restriction, 

though to a somewhat lesser extent (Fig. 7D), with an eventual relapse of tumor growth in all 

mice (Fig. 7E). Remarkably, anti-PD1 treatment with the dual blockade of Myct1 and 

VEGFR2 resulted in complete tumor regression in all of the treated mice (fig. 7E). Since 

combined Myct1 siRNA and anti-PD1 treatment resulted a complete tumor regression in 2 

out of 8 mice (Fig. 7E), while anti-PD1 treatment in Myct1 KO mice led to complete tumor 

regression in 7 out of 8 mice (Fig. 7C), we assessed whether this was due to a sub-optimal 

Myct1 siRNA treatment. We utilized an extended anti-Myct1 treatment approach that started 

before the onset and continued after the termination of the anti-PD1 treatment. We found 

that this prolonged anti-Myct1 treatment resulted in the restriction of tumor progression for a 

longer period, with about 60% mice showing complete tumor regression (14 out of 24 mice) 

(Fig. 7F).

Next, we assessed whether Myct1 targeting could sensitize anti-PD1-refractory tumors. 

Here, we utilized an orthotopic breast tumor model with PyMT-BO1 tumors that do not 

respond to anti-PD1 treatment (Fig. 7G). We treated tumor-bearing WT mice with Myct1-

directed siRNA-peptide nanoparticles either alone or in combination with DC101 and/or 

anti-PD1. Although DC101 failed to induce any sensitivity to anti-PD1 treatment, combined 

anti-Myct1 and anti-PD1 treatment resulted in a substantial short-term tumor regression 

(Fig. 7H), with complete tumor regression in 43% of the treated mice (3 out of 7) (Fig. 7I). 
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Intriguingly, similar to the 1956 sarcoma model, dual blockade of Myct1 and VEGFR2 with 

anti-PD1 treatment generated both the maximal short-term tumor restriction and long-term 

complete tumor regression (7 out of 8 mice) (Fig. 7H and 7I), suggesting that the collective 

blockade of both the VEGF and MYCT1 pathways might provide better and longer-lasting 

vascular control, resulting in improved outcomes with anti-PD1 immunotherapy in both 

sensitive and refractory tumor models.

Dormant tumor cells can reinitiate tumor growth after treatment (56–58). To address if 

dormant tumor cells still existed in these transplant tumor models after anti-Myct1 and anti-

PD1 treatment, we treated the tumor-regressed mice (pooled from the experiments with 1956 

sarcoma tumor model described in Fig. 7E and 7F) with monoclonal neutralizing antibodies 

against CD4, CD8, and IFNγ, three major components of adaptive immunity. None of the 

tumor-regressed mice developed any tumor mass after the alleviation of the immune 

surveillance for a period of over 90 days (fig. S15B), suggesting that anti-PD1 treatment 

combined with anti-Myct1 targeting, with or without other anti-angiogenics, not only 

brought complete tumor regression but also destroyed any potential dormant tumor cells 

residing in the equilibrium phase. Intriguingly, re-challenging both the tumor-regressed mice 

(pooled from the experiment with PyMT-BO1 tumor model described in Fig. 7H) and naïve 

control mice with the PyMT-BO1 tumor cells resulted in unrestrained tumor growth without 

any statistical difference (fig. S15C), suggesting that anti-Myct1 and anti-PD1 combination 

treatment did not induce long-lived immunological memory.

To further understand how Myct1-directed siRNA-peptide nanoparticle treatment improves 

the outcome of the anti-PD1 immunotherapy, we harvested and analyzed tumors seven days 

after treatment initiation in the anti-PD1 refractory PyMT-BO1 tumor model, at a time when 

the tumors just started to respond to combination treatment (fig. S16A). Flow cytometric 

analysis revealed that anti-Myct1 treatment increased CTLs and M1 macrophages, while 

reducing the number of Treg cells and M2 macrophages. Conversely, anti-PD1 treatment 

increased the percentage of Granzyme B+ CTLs, but did not alter the immune 

microenvironment. Notably, anti-Myct1 and anti-PD1 combined treatment increased both 

the influx of CTLs and the percentage of Granzyme B+ CTLs, suggesting that the 

combination treatment produces considerably superior tumor control due to the additive 

nature of the individual treatments on CTLs (Fig. 8A). Immunofluorescence observations 

supported the conclusion that anti-Myct1 treatment reduced angiogenesis, improved vascular 

normalization, and increased the infiltration of CD8+ T cells (Fig. 8B–E). Intriguingly, 

although the siRNA-peptide nanoparticle treatment downregulated Myct1 expression in both 

the tumor and non-tumor endothelium (fig. S16B), unlike in the tumor masses, there were no 

alterations in the immune constituents of the non-tumor tissues (fig. S16C). We observed a 

similar modification of immune constituents of the tumor masses in the Myct1 KO mice 

with the anti-PD1 treatment, supporting the notion of the additive nature of the treatments 

(fig. S16D and S16E). Downregulation of Myct1 by the nanoparticles led to the upregulation 

of several adhesion molecules, among which Selp and Icam1 reached statistical significance 

(p<0.05), only in the tumor endothelium but not in the non-tumor tissues (Fig. 8F and fig. 

S17A), corroborating the observations in the Myct1 KO mice (see Fig. 6H). Importantly, 

Myct1-directed siRNA-peptide nanoparticle treatment largely did not induce any non-

specific immune responses in either the tumor-infiltrating hematopoietic cells or tumor cells 
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(Fig. 8F, fig. S17B, and S17C). Collectively, these observations suggest that Myct1 targeting 

generates tumor-EC-focused changes that allows anti-PD1 treatment to mount more 

effective anti-tumor responses.

Discussion

Myct1 was first identified as a direct target gene of c-MYC in myeloid cells, as well as in 

laryngeal squamous cell carcinoma cells, in the context of c-MYC overexpression (59, 60). 

However, analysis of published scRNA sequencing datasets from different mouse organs 

revealed that Myct1 expression is mostly restricted to ECs and hematopoietic stem and 

progenitor cells. We have demonstrated that Myct1 is highly expressed in tumor ECs and is a 

regulator of angiogenesis. We found that Myct1 is not required for blood and vascular 

development. Instead, Myct1 seems to regulate acute angiogenic demand in pathological 

conditions such as cancer. Notably, data from human patients with varying MYCT1 
expression across multiple different cancer types also suggest that MYCT1 is positively 

correlated with the angiogenic status of the cancers. Particularly, we show that MYCT1 

regulates EC motility by interacting with ZO1 and CKAP4 and modulating Rho GTPases 

and actin cytoskeleton. It will be necessary to further delineate the crosstalk among MYCT1, 

ZO1, Rho GTPases, and CKAP4 in regulating the actin cytoskeleton and EC motility.

Myct1 deficient tumor vasculature is characterized by having more HEVs, facilitating CTLs 

infiltration, and promoting anti-tumor macrophage polarization. Tumor vessels inhibit CTLs 

activation and promote apoptosis of the infiltrating immune cells in part by upregulating 

immunosuppressive molecules, PDL1, PDL2, Fas ligand, and TRAIL (48–51). We found 

that Myct1 deficient ECs downregulate the expression of Fas ligand. We also found a similar 

trend with human cancers with reduced MYCT1 expression. Our data suggest that Myct1 
deficient endothelium promotes an immunostimulatory microenvironment by enhancing 

CTLs infiltration and presumably by preventing CTLs apoptosis. Moreover, it has been 

reported that inducible-NOS (NOS2) inhibits the M1-macrophage population, whereas 

endothelial-NOS (NOS3) promotes the M2-macrophage polarization (52–54). Notably, the 

expressions of Nos2 and Nos3 were decreased in Myct1 deficient ECs, suggesting that 

enhanced anti-tumor macrophage polarization in Myct1 deficient tumor microenvironments 

may, in part, through the regulation of NO production of ECs. These findings collectively 

provide mechanistic insights into Myct1 deficient tumor vessels contributing to an 

immunostimulatory microenvironment.

Vascular normalization has been implicated to influence local tumor immune environment 

(61, 62). However, the molecular targets like VEGF and associated pathways also impact the 

immune cells in an endothelial cell-independent manner (63–66), raising a possibility of 

synergistic and/or independent effect rather than a sole consequence of vascular 

normalization on the tumor immune components. Myct1 targeting in endothelial cells 

leading to an anti-tumor microenvironment provides more definitive evidence for endothelial 

regulation of tumor immunity in mice. This data is consistent with the human cancer 

datasets that show the increased presence of immunostimulatory components in tumors with 

lower MYCT1 expression. Our finding supports the emerging notion that combined vascular 

and immune control would provide a synergistic anti-tumor activity (3, 48, 67–69). Indeed, 
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our data demonstrate that targeting Myct1 improves the response to anti-PD1 therapy in 

treatment-responsive and -refractory tumors. Importantly, we observed that combined Myct1 
and VEGF targeting with anti-PD1 treatment produced a superior tumor control, suggesting 

a potential synergy between Myct1 and VEGF pathways.

Our study’s limitations include that our data on Myct1 expression in tumor endothelium is 

confined to RNA, not protein. Additionally, our data on immune modulation are limited to 

CTL infiltration and M1 polarization. Global changes in tumor immunity by endothelial-

specific Myct1 deficiency need to be further elucidated to better understand the crosstalk 

between angiogenesis and tumor immunity. Lastly, while siRNA-nanoparticle-mediated 

Myct1 targeting has provided proof of concept, it would be valuable to develop and validate 

an antibody-mediated MYCT1 blocking approach to realize the therapeutic potential of 

MYCT1 inhibition.

In summary, we have identified Myct1 as a regulator of tumor angiogenesis. Myct1-deficient 

ECs display suboptimal angiogenesis, facilitate HEV formation, enhance robust CTL 

infiltration, and promote inflammatory M1 macrophage polarization. Anti-PD1 antibody 

treatment in the context of Myct1 inhibition augments complete tumor elimination in mouse 

models. We propose that combined Myct1-inhibition and immunotherapy might become a 

treatment regimen for cancer patients.

Materials and Methods

Study design

The goal of the study was to investigate the role of Myct1 as a regulator of tumor 

angiogenesis and anti-tumor immunity and to characterize the mechanism of this regulation. 

The Cancer Genome Atlas (TCGA) datasets for thirteen different cancer types were 

analyzed to identify Myct1 as an angiogenic gene downstream of Etv2 (14, 19, 20, 22, 70). 

Myct1 requirement for tumor growth, angiogenesis, and antitumor immunity was assessed 

by using different preclinical mouse models of cancer (18, 26, 57, 71–76). Potential 

correlation between endothelial Myct1 expression and the immune output in the human 

tumor microenvironment was evaluated by analyzing cancer datasets using the CIBERSORT 

deconvolution algorithm (45). Using various in vitro assays, the role(s) of Myct1 in 

endothelial cells and the underlying mechanisms for regulating anti-tumor immunity were 

rigorously investigated (17, 77–79). Lastly, using both the knockout mice and siRNA-

peptide nanoparticle mediated approach (17), the efficacy of Myct1 inhibition for treating 

tumors in combination with anti-PD1 immunotherapy was evaluated. For animal studies, the 

minimum number of subjects used in any experiments was 5/group to attain a statistical 

significance of p<0.05 with a power of at least 80%, considering the mean differences 

between experimental groups would be >20% and the pooled standard deviation would be 

~20%. For in-vitro experiments, the anticipated mean difference was even more, and hence 

the sample size was kept at 3 or more/group. Age- and sex-matched mice were randomly 

assigned into groups in all experiments except experiments utilizing both the genetic and 

orthotopic breast tumor models, where only female mice were used. The investigators were 

not aware of the group allocation until the treatment, data collection, and data analysis were 

done. All experimental data were reliably reproduced in two or more individual biological 
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replicates unless indicated otherwise. No data were excluded from analysis. Sample sizes, 

biological replicates, and statistical methods are provided in the corresponding figure 

legends. Primary data are reported in supplementary data files S1 and S2.

Mice

Myct1−/− (Myct1 KO) and Cdh5-Cre;Myct1f/f mice were generated at Washington 

University in St. Louis and Emory University, respectively. MMTV-PyMT mice were a gift 

from Mikala Egeblad, Cold Spring Harbor Laboratory, and crossed with Myct1 KO mice to 

generate Myct1 KO in the presence of MMTV-PyMT transgene (MMTV-PyMT Myct1−/−) 

at Washington University in St. Louis. The details of the mice generation can be found in the 

Supplementary Materials and Methods section. Animal husbandry, generation, handling, and 

experimentation were done in accordance with protocols approved by the Institutional 

Animal Care and Use Committee of Washington University School of Medicine in St. Louis.

Mouse tumor models

MMTV-PyMT transgenic mice were utilized to generate a spontaneous model of breast 

cancer, where MMTV-LTR drives the expression of mouse mammary gland-specific 

polyomavirus middle T-antigen. For tumor transplantation studies, LLC-GFP, B16F10 

melanoma, and 1956 sarcoma tumor cells were injected subcutaneously to the back of the 

mice. PyMT-BO1 tumor cells were injected orthotopically to the mammary fat pad of the 

female mice. The details regarding the transplantation procedures, tumor growth monitoring, 

different treatment schemes, and downstream flow cytometry, immunofluorescence, and 

RNA expression analysis of the tumor masses can be found in the Supplementary Materials 

and Methods section.

Cell lines

Mouse cardiac endothelial cells (MCEC) and human umbilical vein endothelial cells 

(HUVEC) were purchased from CELLutions Biosystems Inc. (Cat: CLU510) and ATCC 

(Cat: ATCC CRL-1730), respectively. Overexpressing and shRNA lentiviral particles were 

utilized to generate different genetically modified overexpressing and knockdown stable cell 

lines. Further details about the cell culture conditions, lentiviral clones, production of 

lentiviral particles, antibiotic selection, and different treatment schemes for in vitro 

experiments are provided in the Supplementary Materials and Methods section.

Single-cell RNA sequencing

Endothelial cells sorted by flow cytometry from the tumor masses were loaded on a 

Chromium Single Cell Instrument (10X Genomics) to generate single-cell GEMs. Single-

cell RNA-seq libraries were prepared using version 2 Chromium Single-cell 3′ Library, Gel 

Bead & Mutiplex Kit (10X Genomics). Sequencing was performed on Illumina 

NextSeq2500 and mapped to the mouse genome (build mm10) using CellRanger software 

(10x Genomics, version 2.1.1). Sequencing data is available as GSE157879 and 

GSE146819. Further details about the sequencing data quality control, normalization, 

integration, and downstream analysis can be found in the Supplementary Materials and 

Methods section.
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Statistical Analysis

GraphPad Prism 8 software was used for performing statistical analysis and generating 

graphs/plots. Data are presented as mean with standard deviation for all the measurements. 

Statistical significance was determined by two-tailed unpaired Student’s t-test (for two 

groups) and One-way ANOVA with Tukey’s multiple comparison test (for more than two 

groups). Non-parametric tests were used for non-log transformed gene expression data from 

the TCGA database. p<0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: ETV2 direct target gene Myct1 is a regulator of angiogenesis but is not required for 
vascular development and homeostasis.
(A) Correlation between the ‘angiogenic score’ and MYCT1 expression in TCGA-derived 

breast cancer (TCGA-BRCA), LSCC (TCGA-LUSC), sarcoma (TCGA-SARC), prostate 

cancer (TCGA-PRAD), and CCRCC (TCGA-KIRC) patient datasets (Pearson’s χ2 test; R 
values are indicated with respective datasets). (B) Analysis of Myct1 expression in 

CD31+CD45− ECs isolated from the mammary glands of healthy wild-type (WT) mice, and 

the lungs and mammary tumors of WT MMTV-PyMT mice at 21 weeks of age (left) and 

lungs and tumors of the tumor-bearing WT mice at 14-days post LLC tumor transplantation 

(right). n=6 mice per group. Data is presented as mean with standard deviation (SD) from 

one of two biological replicates. Statistical significance was analyzed by One-way ANOVA 

with Tukey’s multiple comparison test (left) and two-tailed Student’s t-test (right). (C) A 

genomic snapshot illustrating the ETV2 binding peak to the Myct1 promoter region. (D) 

ChIP-qPCR analysis of ETV2 binding to the Myct1 promoter region. Data is presented as 

Kabir et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2021 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mean with SD. Statistical significance was analyzed by Two-way ANOVA followed by 

Tukey’s multiple comparison test. mt=mutant. (E and F) A graphical representation of the 

luciferase construct design (E) and analysis of the normalized reporter activity (F) for ETV2 

binding motif on Myct1. Data is presented as mean with SD. Statistical significance was 

analyzed by One-way ANOVA with Tukey’s multiple comparison test; ***p<0.001, 

compared to the respective values in the absence of ETV2 (null). (G) Analysis of Myct1 
expression in CD31+CD45− ECs isolated from the tumors of WT and VEC-Cre;Etv2f/f (Etv2 
KO)mice at 15-days post LLC tumor transplantation. n=6 mice per group. Data is presented 

as mean with SD from one of two biological replicates. Statistical significance was analyzed 

by two-tailed Student’s t-test. (H and I) Tumor growth (H) and representative images with 

quantification for CD31+ vessel density (I) in PBS (control) and Myct1 lentiviral 

overexpression construct (intra-tumor) treated WT and Etv2 KO mice. n=7 mice per group. 

Scale bars, 100μm. Data is presented as mean with SD from one of two biological replicates. 

Statistical significance was analyzed by two-tailed Student’s t-test; *p<0.05, at the end of 

the study. (J and K) Analysis of vital cardiovascular parameters (J) and pressure-diameter 

measurements (K) in the Myct1 KO and WT mice. n=9 (Myct1 KO) and 11 (WT) mice. 

Data is presented as mean with SD from one of two biological replicates. Statistical 

significance was analyzed by two-tailed Student’s t-test (J) and One-way ANOVA with 

Tukey’s multiple comparison test (K); n.s.=not significant. (L) Analysis of clinically 

important cardiac functional parameters measured by Doppler echocardiogram of Myct1 KO 

and WT mice. n=3 (WT) and 4 (Myct1 KO) mice. Data is presented as mean with SD. 

Statistical significance was analyzed by two-tailed Student’s t-test; n.s.=not significant.
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Figure 2: Endothelial Myct1 is required for tumor growth and angiogenesis in mice.
(A and B) Analysis of total tumor burden (A) and representative images with quantification 

of CD31+ vessel density (B) in WT and Myct1 KO MMTV-PyMT mice at 21 weeks of age. 

n=14 mice per group. Scale bars, 100μm. Data is presented as mean with SD. Statistical 

significance was analyzed by two-tailed Student’s t-test; ***p<0.001. (C, D) Analysis of 

LLC tumor growth (C) and representative images with quantification for CD31+ vessel 

density (D) in WT and Myct1 KO mice. Scale bars, 100μm. Data is presented as mean with 

SD from one of three biological replicates. Statistical significance was analyzed by two-

tailed Student’s t-test; **p<0.01, at the end of the study. (E and F) Analysis of 1956-sarcoma 

tumor growth (E) and representative images with quantification for CD31+ vessel density (F) 

in WT and Myct1 KO mice. Scale bars, 100μm. Data is presented as mean with SD from one 

of three biological replicates. Statistical significance was analyzed by two-tailed Student’s t-

test; **p<0.001, at the end of the study. (G-J) Analysis of tumor growths (G and I) and 
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representative images with quantification for CD31+ vessel density (H and J) in stromal 

Myct1 KO (G and H) and hematopoietic Myct1 KO mice (I and J). Scale bars, 100μm. Data 

is presented as mean with SD. Statistical significance was analyzed by two-tailed Student’s 

t-test; n.s.=not significant and **p<0.01, at the end of the study.
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Figure 3: Membrane-localized MYCT1 regulates endothelial actin cytoskeleton dynamics in the 
angiogenic environment.
(A) (left) Flow cytometric analysis of HA- and FLAG-tagged MYCT1 overexpressing 

MCEC cells. (right) A graphical presentation of the HA- and FLAG-tagged MYCT1 protein 

situated at the plasma membrane. (B) A representative FACS chart of the BrdU proliferation 

assay with parental and Myct1 knockdown (KD) cells. (C) Representative images and 

quantifications from the Matrigel tube formation assay. n=12 independent observations per 

group. Scale bars, 250μm. Data is presented as mean with SD from one of three biological 

replicates. Statistical significance was analyzed by two-tailed Student’s t-test; **p<0.01. (D) 

Representative images from tumor-spheroid/EC co-culture assay. Scale bar, 1000μm. (E) 

Representative images and quantifications of sprouts from the fibrin gel sprouting assay. 

n≥32 independent observations per group. Scale bars, 100μm. Data is presented as mean 

with SD from one of three biological replicates. Statistical significance was analyzed by 

two-tailed Student’s t-test; **p<0.01. (F) Representative image and quantification of sprouts 
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from the fibrin gel sprouting assay with 1:1 competitive seeding of parental (red) and Myct1 
KD (green) MCEC cells on the beads. Scale bar, 100μm. Data is presented as mean with SD. 

Statistical significance was analyzed by two-tailed Student’s t-test; **p<0.05. (G) 

Representative images and quantifications of cell migration from the Boyden chamber assay. 

n≥12 independent observations per group. Scale bars, 100μm. Data is presented as mean 

with SD from one of three biological replicates. Statistical significance was analyzed by 

two-tailed Student’s t-test; **p<0.01. (H) Representative images and quantifications for 

recovery from the wound closure assay. n≥3 independent observations per group. Scale bars, 

100μm. Data is presented as mean with SD from one of two biological replicates. Statistical 

significance was analyzed by two-tailed Student’s t-test; **p<0.05. (I) Representative 

immunofluorescence images of actin filaments in a cultured monolayer of MCEC cells. 

Scale bars, 25μm. (J) Immunoprecipitation followed by western blot (IP-WB) analysis for 

MYCT1 in the total cell lysates of the parental and HA-tagged MYCT1 overexpressing 

(HA-MYCT1) MCEC cells transfected with either mock (empty vector control) or MYC-

tagged ZO1, and FLAG-tagged CKAP4 expression plasmids. An anti-ACTIN antibody was 

used as a control. (K) IP-WB analysis for CKAP4 in the total cell lysates of the parental 

MCEC cells transfected with either mock (empty vector control), or MYC-tagged ZO1, or 

FLAG-tagged CKAP4 expression plasmids. An anti-ACTIN antibody was used as a control. 

(L) Representative immunofluorescence image of ZO1 (green) and MYCT1 (anti-FLAG, 

red) in a confluent monolayer of FLAG-tagged MYCT1 overexpressing MCEC cells. Scale 

bars, 20μm. (M) Quantifications from the Matrigel tube formation assay (left) and fibrin gel 

sprouting assay (right) with different combinations of Myct1, Zo1, and Rhoa KD and 

overexpressing MCEC cells. “+”, “++”, and “−” denotes parental, overexpression, and 

knockdown cells, respectively. n≥6 independent observations per group. Data is presented as 

mean with SD from one of two biological replicates. Statistical significance was analyzed by 

One-way ANOVA with Tukey’s multiple comparison test; *p<0.05, **p<0.01.
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Figure 4: Endothelial MYCT1 function is evolutionarily conserved between human and mouse.
(A-C) Representative images and quantifications from the Matrigel tube formation assay 

(A), Boyden chamber migration assay (B), and fibrin gel bead sprouting angiogenesis assay 

(C) with parental, human MYCT1 KD (hMKD), and mouse Myct1 overexpressing human 

MYCT1 KD (hMKD mMOE) HUVEC cells. Scale bar, 250μm (A) and 100μm (B and C). 

n≥10 independent observations per group. Data is presented as mean with SD from one of 

three biological replicates. Statistical significance was analyzed by One-way ANOVA with 

Tukey’s multiple comparison test; **p<0.05. (D-F) Representative images and 

quantifications from the Matrigel tube formation assay (D), Boyden chamber migration 

assay (E), and fibrin gel sprouting assay (F) with parental, mouse Myct1 KD (mMKD), and 

human MYCT1 overexpressing mouse Myct1 KD (mMKD hMOE) MCEC cells. Scale bars, 

250μm (D) and 100μm (E and F). n≥10 independent observations per group. Data is 

presented as mean with SD from one of three biological replicates. Statistical significance 

was analyzed by One-way ANOVA with Tukey’s multiple comparison test; *p<0.05 and 

**p<0.01. (G and H) Analysis of tumor growth (G) and representative immunofluorescence 
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images with quantification for CD31+ vessel density (H) in PBS (control) and either mouse 

Myct1 or human MYCT1 lentiviral overexpression constructs (intra-tumor) treated WT and 

Myct1 KO mice. Scale bars, 100μm. Data is presented as mean with SD. Statistical 

significance was analyzed by One-way ANOVA with Tukey’s multiple comparison test; 

n.s.=not significant and *p<0.05, at the end of the study.
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Figure 5: Single cell RNA sequencing of tumor endothelium from WT and Cdh5-cre Myct1f/f 

mice signifies Myct1 functions in tumor angiogenesis.
(A) A schematic representation of tumor endothelium sample collection and processing from 

WT and Cdh5-cre Myct1f/f mice (n = 5 per group) for single cell RNA sequencing. (B) 

(Left) tSNE projection color-coded for 995 endothelial cells sorted from tumor mass 

(PYMT-BO1 orthotopic transplantation tumor model). (Right) tSNE projection of 

endothelial cells grouped for different genotypes. (C-E) Feature plot showing Cd300lg 
expression pattern (C), gene set enrichment analysis depicting enriched molecular pathways 

(D), and normalized proportion of cells (E) in the angiogenic capillaries sub-cluster of the 

tumor endothelial cells from WT and Cdh5-cre Myct1f/f mice derived by analyzing the 

SCTtransform data (normalized). (F-H) Feature plot showing Pgf expression pattern (F), 

gene set enrichment analysis depicting enriched molecular pathways (G), and normalized 

proportion of cells (H) in the Tip-like cells sub-cluster of the tumor endothelial cells from 

WT and Cdh5-cre Myct1f/f mice derived by analyzing the SCTtransform data (normalized). 
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(I-K) Feature plot showing Selp expression pattern (I), gene set enrichment analysis 

depicting enriched molecular pathways (J), and normalized proportion of cells (K) in the 

Stalk-like cells sub-cluster of the tumor endothelial cells from WT and Cdh5-cre Myct1f/f 

derived by analyzing the SCTtransform data (normalized). (L-N) Feature plot showing 

Dynap expression pattern (L), gene set enrichment analysis depicting enriched molecular 

pathways (M), and normalized proportion of cells (N) in the Transitionary cells sub-cluster 

of the tumor endothelial cells from WT and Cdh5-cre Myct1f/f derived by analyzing the 

SCTtransform data (normalized). (O and P) tSNE projection (O) and area under the curve 

(AUC) plots for differentially enriched transcription factor activity modules (P) in WT and 

Cdh5-cre Myct1f/f tumor endothelium generated by using SCENIC analysis.
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Figure 6: Myct1 deficiency promotes an immunostimulatory tumor microenvironment.
(A) Representative immunofluorescence images and quantification of MECA79+ high 

endothelial venules (HEVs) in 1956 sarcoma tumor. White dotted boxed area from the inset 

is presented as zoomed-in. Arrows in the inset indicate the MECA79 expressing vessels. 

Scale bars, 10μm and 20μm (inset). Data is presented as mean with SD. Statistical 

significance was analyzed by two-tailed Student’s t-test; **p<0.01. (B) CTL (CD8+ T cells) 

and Treg (CD4+FOXP3+ T cells) cells as a percentage of CD3+ T cells and M1 (iNOS+ 

macrophages) and M2 (CD206+ macrophage) populations as a percentage of F4/80+ cells. 

n=6 mice per group. Data is presented as mean with SD. Statistical significance was 

analyzed by two-tailed Student’s t-test; **p<0.01. (C) Analysis of CD8/Treg and M1/M2 

ratios as measures of immunosuppression in the tumor microenvironment of WT and Myct1 
KO mice. n=6 mice per group. Data is presented as mean with SD. Statistical significance 

was analyzed by two-tailed Student’s t-test; n.s.=not significant, *p<0.05, and **p<0.01. (D) 
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(top) Analysis of FOXP3 expression in high vs. low MYCT1 expressing tumors in patients 

from the TCGA database. (bottom) Analysis of M1/M2 population ratios in high vs. low 

MYCT1 expressing tumors obtained by analyzing the TCGA patient datasets with the 

CIBERSORT algorithm. Datasets utilized were BC (TCGA-BRCA), LAC (TCGA-LUAD), 

TT (TCGA-TGCT), SAC (TCGA-STAD), LSCC (TCGA-LUSC), CAC (TCGA-COAD), 

HNSCC (TCGA-HNSC), OC (TCGA-OV), PC (TCGA-PRAD), PAC (TCGA-PDAC), 

Sarcoma (TCGA-SARC), CCRCC (TCGA-KIRC), PRCC (TCGA-KIRP), and BLC 

(TCGA-BLCA). Data is presented as scatter plot with the mean value. Statistical 

significance was analyzed by Mann-Whitney U test; *p<0.05 and **p<0.01 (E) Analysis of 

tumor growth in either IgG or combined anti-CD4 and anti-CD8 neutralizing antibody 

treated Myct1 KO mice. n=5 mice per group. Data is presented as mean with SD from one 

of two biological replicates. Statistical significance was analyzed by One-way ANOVA with 

Tukey’s multiple comparison test; p<0.001, at the end of the study. (F) Analysis of tumor 

growth in either IgG, or anti-IFNγ neutralizing antibody, or combined anti-CD4 and anti-

CD8 neutralizing antibody, or combined anti-CD4 and anti-CD8 neutralizing antibody with 

IFNγ cytokine treated Myct1 KO mice. Data is presented as mean with SD. Statistical 

significance was analyzed by One-way ANOVA with Tukey’s multiple comparison test; ‘p-

values’ indicated on the figure are calculated at the end of the study. (G) Transendothelial 

migration (TEM) of CD8+ T cells through parental and Myct1 KD MCEC cell barrier with 

TNFα and Rac1 inhibitor NSC23766 pre-treatment. Data is presented as mean with SD. 

Statistical significance was analyzed by One-way ANOVA with Tukey’s multiple 

comparison test; n.s.=not significant, *p<0.05, and **p<0.01. (H and I) Analysis of mRNA 

expression of the indicated genes in CD31+CD45− ECs isolated from the 1956 sarcoma 

tumors. n=4 mice per group. Statistical significance was analyzed by Statistical significance 

was analyzed by two-tailed Student’s t-test; *p<0.05 and **p<0.01. (J) FASLG expression 

profile in high vs. low MYCT1 expressing tumors in SAC (TCGA-STAD), LSCC (TCGA-

LUSC), CAC (TCGA-COAD), OC (TCGA-OV), PC (TCGA-PRAD), PAC (TCGA-PDAC), 

Sarcoma (TCGA-SARC), CCRCC (TCGA-KIRC), and PRCC (TCGA-KIRP) patients from 

the TCGA database. Data is presented as mean with standard error of mean. Statistical 

significance was analyzed by two-tailed Student’s t-test; *p<0.05 and **p<0.01. (K) 

Polarization of peripheral blood-derived monocytes to M1 or M2 phenotype with LPS

+IFNγ or IL4 cytokine treatment, respectively, in a coculture assay with either parental or 

Myct1 KD MCEC cells, expressed as a percentage of F4/80+ macrophage population. Data 

is presented as mean with SD. Statistical significance was analyzed by two-tailed Student’s 

t-test; *p<0.05 and **p<0.01. (L) Analysis of Nos2 and Nos3 mRNA expression in 

CD31+CD45− ECs isolated from the 1956 sarcoma tumor. n=4 mice per group. Data is 

presented as mean with SD. Statistical significance was analyzed by two-tailed Student’s t-

test; **p<0.01.
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Figure 7: Myct1-targeted siRNA-peptide nanoparticle co-treatment improves anti-PD1 
immunotherapy.
(A) Kinetics of tumor growth in 1956 sarcoma tumor bearing WT mice treated with anti-

PD1 antibody in different indicated schemes. Donut charts display the percentage of subjects 

underwent complete regression (green) and non-complete regression (gray). Day-21 

statistical significance was analyzed by One-way ANOVA with Tukey’s multiple 

comparison test. (B) Analysis of tumor progression in 1956 sarcoma tumor bearing WT and 

Myct1 KO mice at 12-days after anti-PD1 treatment initiation. Data is presented as mean 

with SD. Statistical significance was analyzed by One-way ANOVA with Tukey’s multiple 

comparison test; *p<0.05, **p<0.01, and ***p<0.001. (C) Tumor growth in 1956 sarcoma 

tumor bearing WT and Myct1 KO mice treated with the anti-PD1 antibody. Donut charts 

display the percentage of subjects underwent complete regression (green) and non-complete 

regression (gray). Day-21 statistical significance was analyzed by One-way ANOVA with 

Tukey’s multiple comparison test. (D) Analysis of tumor progression in 1956 sarcoma tumor 
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bearing WT mice at 13-days after treatment initiation as indicated. Data is presented as 

mean with SD. Statistical significance was analyzed by One-way ANOVA with Tukey’s 

multiple comparison test; *p<0.05, **p<0.01, and ***p<0.001. (E) Tumor growth in 1956 

sarcoma tumor bearing WT mice with different treatments as indicated. Donut charts display 

the percentage of subjects underwent complete regression (green) and non-complete 

regression (gray). (F) Tumor growth in 1956 tumor bearing WT mice treated with the anti-

PD1 antibody in combination with an extended anti-Myct1 siRNA-peptide nanoparticle 

treatment. Day-21 statistical significance was analyzed by One-way ANOVA with Tukey’s 

multiple comparison test. (G) Kinetics of tumor growth in PyMT-BO1 tumor bearing WT 

mice treated with anti-PD1 antibody in different schemes. Donut charts display the 

percentage of subjects underwent complete regression (green) and non-complete regression 

(gray). (H) Tumor progression in PyMT-BO1 tumor bearing WT mice at 15-days after 

treatment initiation as indicated. Data is presented as mean with SD. Statistical significance 

was analyzed by One-way ANOVA with Tukey’s multiple comparison test; n.s.=not 

significant, **p<0.01, and ***p<0.001. (I) Tumor growth in PyMT-BO1 tumor bearing WT 

mice with different treatments as indicated. Donut charts display the percentage of subjects 

underwent complete regression (green) and non-complete regression (gray).

Kabir et al. Page 35

Sci Transl Med. Author manuscript; available in PMC 2021 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8: Anti-Myct1 works synergistically with anti-PD1 treatment to improve outcomes in 
mice.
(A) Analysis of CTL (CD8+ T cells) and Treg (CD4+FOXP3+ T cells) cells as a percentage 

of CD3+ T cells, GranzB+ CTL as % of CTL cells, M1 (iNOS+ macrophages) and M2 

(CD206+ macrophage) populations as a percentage of F4/80+ cells in the tumor of the 

PyMT-BO1 tumor bearing WT mice with different combination of treatments as indicated. 

n=3–6 mice per group. Data is presented as mean with SD. Statistical significance was 

analyzed by One-way ANOVA with Tukey’s multiple comparison test; *p<0.05 and 

**p<0.01. (B-E) Representative images (B-D) and quantifications (E) for CD31+ vascular 

density (B), pericyte coverage (C), and CD8+ T cell infiltration in the tumor mass of PyMT-

BO1 tumor bearing WT mice with different combination of treatments as indicated. n=3–6 

mice per group. Data is presented as mean with SD. Statistical significance was analyzed by 

One-way ANOVA with Tukey’s multiple comparison test; **p<0.01. (F) Analysis of the 

expression of the indicated genes in the tumor ECs, hematopoietic cells (HC), and tumor 
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cells sorted from the PyMT-BO1 tumor bearing WT mice with different combination of 

treatments as indicated. n=3–6/group. Data is presented as mean with SD. Statistical 

significance was analyzed by One-way ANOVA with Tukey’s multiple comparison test; 

*p<0.05 and **p<0.01.
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Table 1.

Top 20 regulators of angiogenesis identified by their correlated expression with seed genes

Rank Gene Symbol Full name PCC

1 GPR4 G Protein-Coupled Receptor 4 0.92

2 LDB2 LIM Domain Binding 2 0.91

3 CXorf36 Chromosome X open reading frame 36 0.91

4 ADGRL4 Adhesion G Protein-Coupled Receptor L4 0.91

5 FLT1 Fms Related Tyrosine Kinase 1 0.9

6 CLEC14A C-Type Lectin Domain Containing 14A 0.9

7 ECSCR Endothelial Cell Surface Expressed Chemotaxis and Apoptosis Regulator 0.9

8 RP11–389C8.2 RP11–389C8.2 0.9

9 ESAM Endothelial Cell Adhesion Molecule 0.9

10 MYCT1 Myc Target 1 0.9

11 CD93 Cluster of Differentiation 93 0.9

12 PLVAP Plasmalemma Vesicle Associated Protein 0.89

13 S1PR1 Sphingosine-1-Phosphate Receptor 1 0.89

14 PTPRB Protein Tyrosine Phosphatase Receptor Type B 0.89

15 ARHGEF15 Rho Guanine Nucleotide Exchange Factor 15 0.89

16 GIMAP8 GTPase, IMAP Family Member 8 0.89

17 PCDH12 Protocadherin 12 0.88

18 EXOC3L2 Exocyst complex component 3-like 2 0.88

19 ZNF366 Zinc Finger Protein 366 0.88

20 GIMAP6 GTPase, IMAP Family Member 6 0.88

See also Supplementary Table 1. PCC = Pearson correlation coefficient
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