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Abstract

Angiogenesis involves dynamic interactions between special-
ized endothelial tip and stalk cells that are believed to be
regulated in part by VEGF and DIll4-Notch signaling. However,
our understanding of this process is hampered by limited
knowledge of the heterogeneity of endothelial cells and the role
of different signaling pathways in specifying endothelial pheno-
types. Here, we characterized by single-cell transcriptomics
the heterogeneity of mouse endothelial cells and other stromal
cells during active angiogenesis in xenograft tumors as well
as from adult normal heart, following pharmacologic inhibition
of VEGF and DIll4-Notch signaling. We classified tumor endo-
thelial cells into three subpopulations that appeared to corre-
spond with tip-like, transition, and stalk-like cells. Previously
identified markers for tip and stalk cells were confirmed and
several novel ones discovered. Blockade of VEGF rapidly inhib-
ited cell-cycle genes and strongly reduced the proportion of

Introduction

Solid tumors are composed of a complex assortment of
tumor cells and various stromal cells, including endothelial
cells (EC), fibroblasts, and smooth muscle cells, as well as
immune cells, comprising the cellular tumor microenviron-
ment. Stromal cells are intimately involved in tumor growth
and progression, and as such have increasingly become the
targets of anticancer therapies. For example, the growth of new
blood vessels (angiogenesis) is important for tumor growth (1),
and a number of antiangiogenic agents are in clinical use or are
being tested (2). Additionally, fibroblasts promote a protumor
microenvironment via various mechanisms (3), one of which
involves deposition of extracellular matrix components (ECM;
ref. 4) that contribute to tumor progression (5, 6).
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endothelial tip cells in tumors. In contrast, blockade of DIll4
promoted endothelial proliferation as well as tip cell markers;
blockade of both pathways inhibited endothelial proliferation
but preserved some tip cells. We also phenotypically classified
other tumor stromal cells and found that tumor-associated
fibroblasts responded to antiangiogenic drug treatments by
upregulating hypoxia-associated genes and producing secreted
factors involved in angiogenesis. Overall, our findings better
define the heterogeneity of tumor endothelial and other stromal
cells and reveal the roles of VEGF and DI1l4-Notch in specifying
tumor endothelial phenotype, highlighting the response of
stromal cells to antiangiogenic therapies.

Significance: These findings provide a framework for defining
subpopulations of endothelial cells and tumor-associated fibro-
blasts and their rapid changes in gene expression following
antiangiogenic treatment. Cancer Res; 78(9); 2370-82. ©2018 AACR.

In addition to the various cell types within the tumor
microenvironment, there is heterogeneity within each cellular
compartment. Some dynamic interactions among the hetero-
geneous cells are critical to tumor growth. For example, in
tumor angiogenesis, dynamic interactions between specialized
ECs allow some ECs to sprout and migrate from a blood vessel
(so-called tip cells), whereas other cells remain relatively more
static and form the shaft behind the sprout (so-called stalk
cells). Key angiogenic signaling pathways, such as VEGF and
DIl4-Notch, regulate these interactions between ECs and help
to shape the cell specialization. While specific blockers of these
key angiogenic pathways show antitumor effects and reduce
tumor perfusion, their particular effects on the processes of
tumor angiogenesis differ. For example, VEGF inhibition
reduces vessel density (7, 8), whereas D114 blockade results in
increased, but nonfunctional tumor vasculature (9, 10).

The heterogeneity of tumor stromal cells has long been recog-
nized, and various approaches have been used to document the
different cell subpopulations. Histologic and immunostaining
methods have been widely applied, and using tumor angiogenesis
as an example, these approaches have shown specific expression
of genes in specialized ECs such as apelin (Apln) and Esm1 in tip
cells (11). Other approaches to study heterogeneity of tumor
stromal cells include laser dissection/capture and flow cytometry
(12, 13). However, these approaches require preknowledge of
the specific marker genes to be visualized. The effects of VEGF
or Dll4-Notch blockade on ECs have been studied by various
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groups using morphologic analyses, molecular characteriza-
tion as well as gene profiling (2, 8, 11, 14-16). However, these
approaches focused on whole tumor or tissue lysates, or in
some cases on isolated EC populations using flow cytometry
or laser microdissection, all of which provide pooled ECs
instead of providing data at a single-cell level. Thus, there is
need to better characterize cellular heterogeneity of tumor
stromal cells. Recent technology developments now allow RNA
profiling of individual cells derived from tumors or tissue,
which provides more information on single-cell properties and
heterogeneity. The single-cell transcriptome technique allows
dissection of different cell populations in the tumor micro-
environment and capture of changes even in rare cell subpopu-
lations that would be missed by bulk RNA-Seq.

Here, we used single-cell transcriptome profiling to not only
characterize tumor EC heterogeneity and compare them with
normal ECs, but also to evaluate changes in EC subpopulations
following blockade of key angiogenic signaling pathways, namely
VEGF and Dll4-Notch. In addition, we phenotypically classified
other stromal cells in the tumor microenvironment, particularly
smooth muscle cells, pericytes, and fibroblasts. To achieve this, we
isolated single cells from xenograft tumor-bearing mice that had
been treated with the anti-VEGF agent aflibercept (VEGF Trap), an
anti-DI114 Ab (aDll4), a combination of aflibercept and aDll4, or
control hFc. In parallel, single cells from similarly treated normal
hearts, which are an abundant source of nonangiogenic endo-
thelial cells, were also collected to serve as a normal comparator in
this study. Although heart endothelial cells may express special-
ized transcription factors, angiocrine factors and surface markers
(17, 18), these vessels lack fenestrations and other specialized
morphologic features and were, therefore, chosen as representa-
tive of quiescent vasculature. Single-cell transcriptome sequenc-
ing using the 10x Genomics platform allowed analyses of indi-
vidual cells. Our findings better define the heterogeneity of tumor
ECs and other stromal cells. In addition, the results show the roles
of VEGF and DIl4-Notch signaling in specifying tumor EC phe-
notype, and highlight the response of stromal cells to antiangio-
genic therapies.

Materials and Methods

In vivo tumor studies

Animal studies were approved by Regeneron's Institutional
Animal Care and Use Committee (IACUC). Tumor cell lines were
obtained from the ATCC. All cell lines were IMAPCT tested
(including mycoplasma) by IDEXX BioResearch and authenticat-
ed between 2012 and 2015 using the STR Profile Testing by ATCC.
Cells used are less than 5 passages in our experiments. A total of
2 x 10° COLO205 human colon carcinoma or 2.5 x 10° HT-29
human colon carcinoma cells were grown subcutaneously (s.c.) in
male CB.17/SCID mice (Taconic). When tumors reached 100-
150 mm?, mice remained untreated or were treated by s.c.
injection with hFc (control protein, 25 mg/kg), aflibercept (VEGF
Trap, ziv-aflibercept, 25 mg/kg), a DII4 blocker (REGN 1035,
10 mg/kg) or a combination of aflibercept plus anti-DII4 anti-
body. Twenty-four-hour or 72-hour posttreatment heart and
tumor tissue was harvested.

Single-cell preparation for sequencing

Tissues were minced, enzymatically digested for 10 (COLO205
tumor) or 15 minutes (HT-29 tumor, heart) using 2.5 mg/mL
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collagenase Type II (Worthington), 2.5 mg/mL collagenase Type
IV (Gibco), and 0.5 mg/mL DNase (Sigma) in PBS/1% BSA
at 37°C, treated with DMEM containing 10% FBS and filtered
(70-um nylon filter; Falcon). Single-cell suspensions were sub-
jected to 1X PharMLyse (BD Biosciences) for 4 (tumor) or
10 (heart) minutes, washed, and subjected to dead cell removal
kit (130-090-101, Miltenyi; manufacturer's instruction). Tumor
single-cell suspensions underwent a depletion step using the
following FITC-conjugated Abs: COLO205 cells were incubated
with anti-CD24 (11-0247-42, eBioscience) and anti-E-cadherin
(324104, Biolegend) and HT-29 cells were incubated with
anti-CD44 (338804, Biolegend) and anti-EpCam (324204, Bio-
legend) antibodies using 10 uL anti-FITC-beads for 1 x 10° total
cells. The remaining cells were used for single-cell sequencing.

Single-cell sequencing

Cellular suspensions (~6000 cells) were loaded on a Chromi-
um Single Cell Instrument (10X Genomics) to generate single-cell
GEM:s. Single-cell RNA-seq libraries were prepared using version 1
Chromium Single-cell 3’ Library, Gel Bead & Mutiplex Kit (10X
Genomics). Sequencing was performed on Illumina NextSeq500
containing transcript length of 59 bp. The Cell Ranger Suite ver-
sion 1.1.0 was used to perform sample demultiplexing, barcode
processing and single-cell gene UMI (unique molecular index)
counting (http://software.10xgenomics.com/single-cell/overview/
welcome). Data are accessible through GEO (GSE110501).

Single-cell RNA-seq data QC

Single cells were filtered for downstream analysis by the fol-
lowing criteria: UMI (unique molecular identifier) count is within
the range between 3,000 and 40,000, and mitochondria percent-
age is less than 10 percent of the total UMI count. Gene expression
(in UMI) is scale normalized then transformed in log, (UMI+1).

PCA and t-SNE analyses

All treatment experiments were duplicated. We used the dataset
from one experiment for discovery and the other for result
validation. For principal component analysis (PCA), the analysis
was run on normalized and transformed UMI counts on variably
expressed genes, which were defined as genes expressed with at
least 10 UMI counts in at least three percent of all cells. These PC
outputs were loaded as input to generate t-SNE plots. 3D t-SNE
plot was drawn using Rtsne package with default parameters. 2D
t-SNE plot was generated with Seurat package. Two hundred
eighty-four to 667 highly variable genes were selected in different
analyses with the first 10 or 15 PCs applied to find clusters.

To identify genes that specifically expressed in a cell population
or cluster, one-way ANOVA test and F-test for multi-group com-
parison implemented in ArrayStudio (www.omicsoft.com/array-
studio/) were performed. Genes are ranked by the FDR-BH
corrected P values. Consensus clustering (https://genepattern.
broadinstitute.org/) was used to assign ECs into tip-like, stalk-
like, or transition subpopulations based on the 60-gene expres-
sion signature.

Statistical analyses

Z-score was calculated on log,(UMI + 1) for each of the 88
genes in the cell-cycle gene panel. The ceiling of a positive z-scores
was set at 2.5; the ceiling for a negative z-score was set at —2.5.
Then, z-score values were combined for the 88 cell-cycle genes for
each single cell. The cutoff of combined z-score value for calling a
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cell under active cell cycle was determined by k-means clustering
(K = 2) with 200 resampling iterations. P values were calculated
by two-tailed Fisher exact test for enrichment of cells in active cell
cycle between drug-treated and control-treated groups. For dif-
ferentially expressed genes, one-way ANOVA (assuming equal
variance) was used on normalized and log, transformed UMI
counts. Gene Ontology (GO) and pathway enrichment (using
KEGG database) analysis were performed in DAVID v6.8 (https://
david.ncifcrf.gov).

In situ hybridization by RNAScope and immunohistochemistry

For FEPE sections, tissues were immersion-fixed in 10% neu-
tral-buffered formalin, dehydrated through graded ethanol and
xylenes, embedded in paraffin and cutinto 4-um (tumor) or 6-um
(heart) sections. The sections were air dried, deparaffinized,
incubated in H,O,, subjected to target retrieval procedure. For
ISH, sections were subjected to protease plus treatment before the
required six hybridization/amplification steps with the respective
probes according to the manufacturer's recommendations. Pos-
itive RNA detection was revealed with 3,3’-diaminobenzidine
(DAB) or alkaline phosphatase (AP). Slides were then counter-
stained with hematoxylin, dehydrated, and coverslipped. For
IHC, sections were stained using an anti-CD31 Ab (Abcam,
ab28364) or anti-Lyvel Ab (in-house Regeneron Ab) and protein
positivity was revealed with DAB.

Results

Endothelial cell heterogeneity in normal organ vasculature
of adult mice

Before analyzing tumor endothelial and stromal cells, we first
characterized the heterogeneity of cells in a normal organ from
adult mice, namely heart where the response of ECs to antiangio-
genic treatment is well established (19). Single cells were collected
and RNA-seq libraries were made using the 10x Genomics plat-
form. Cell-clustering analysis with Seurat (20) using 307 highly
variable genes revealed four distinct cell populations (Fig. 1A),
which represent ECs (clusters 1 and 2 share similar marker genes),
fibroblasts (cluster 0), leukocytes (cluster 4), and muscle cells
(cluster 3) based on expression of known marker genes, such as
Pecaml, Collal, Lyz2, and Myl9, respectively. The population
classified as muscle cells was mainly composed of smooth muscle
cells, as distinguished by selective expression of the smooth
muscle actin gene (Acta2). Using the current protocol, very few
cardiac muscle cells were captured, likely due to difficulty of
single-cell disassociation and/or unusual cell size.

We further interrogated the EC population with a total of 838
isolated heart ECs from one sequencing batch. Initial cell
clustering analyses generated five possible subpopulations
(Supplementary Fig. S1A). However, a heatmap with the com-
bined top 25 cluster-discriminative genes showed that clusters
0 and 1 were very similar based on their sharing of gene
signature and were thus merged into one cluster/subpopulation
(Supplementary Fig. S1B). Multi-group ANOVA test generated a
list of 90 most variable genes that could distinguish the four
endothelial subpopulations (Fig. 1B and Supplementary Table
S1). The presence and lineage connections of the four subpo-
pulations within heart ECs were further supported by a PCA
using the whole transcriptome gene signature followed by 3D
t-distributed stochastic neighbor embedding (t-SNE) projec-
tion (21; Fig. 1B). For example, lymphatic ECs (EC4) shared an
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overlapping gene signature with venous ECs (EC3), and were
closer to venous EC in the whole transcriptome 3D t-SNE map.
This similarity is consistent with lymphatic ECs originating
from venous ECs during development (22). These four sub-
populations and subpopulation-discriminative gene signatures
were confirmed in other independent experiments (Supple-
mentary Fig. S1C).

As the 838 ECs for the above analysis were pooled from 24-hour
treatments (see below), we also looked at the distribution of
treatment conditions among the subpopulations. We did not
observe any skewed distribution of cells with a particular treat-
ment in any subpopulation. Thus, the four subpopulations iden-
tified were not treatment related.

Subpopulation-distinctive genes that have preferential expres-
sion in ECs compared with other types of cells in the heart
microenvironment are listed in Supplementary Table S2. Guided
by annotated EC lineage-specific markers in adult mice (23-26),
three out of the four EC subpopulations were identified as
lymphatic (EC4), venule (EC3), and arteriole (EC1) derived ECs
(Fig. 1C; Supplementary Fig. S2A-S20). For example, endomucin
(Emcn) was highly expressed in venule ECs, Fit4, and Lyvel were
more restricted to lymphatic endothelium, and expression of
Sox17 was enriched in arterioles. The fourth subpopulation (EC2),
which was the largest and exclusively expressed Cd300lg, appears
to represent capillary endothelium (Fig. 1C; ref. 27). DIl4 was
detected in heart capillary cells, but was not significantly enriched
compared with other endothelial subpopulations (Supplemen-
tary Fig. S2E).

Certain ephrin ligands and their Eph receptors have been
described as markers for arteries and veins during mouse embry-
onic development, respectively (28, 29). We examined all ephrin/
Eph ligand and receptor genes in the four EC subpopulations and
found that their expressions were either below detection level or
not significantly associated with any endothelial subpopulations
in adult heart with some examples shown in Supplementary Fig.
S2. Instead, we identified other novel markers distinctive for
subpopulations of heart vasculature. For example, Ramp3 was
specifically expressed in capillaries, Mmrnl was restricted to
lymphatics, and Vwf was significantly enriched in venous ECs
(Fig. 1C). We further validated two novel EC subpopulation-
restricted markers identified in this study by histologic methods
(RNAScope), which clearly showed the venule-specific expression
for Bace2 in a subset of CD31 positive EC structures and lym-
phatic-specific expression for Reln in Lyvel-positive lymphatic EC
structures (Fig. 1D). Taken together, these single-cell transcrip-
tome analyses provide a better resolution of EC heterogeneity in
mouse heart.

Experimental approach to assess stromal cell heterogeneity
and changes in response to treatment in tumor and heart
Given the insights gained from exploring endothelial cellu-
lar heterogeneity in the heart, we designed a systematic exper-
imental approach to study stromal cell heterogeneity as well
as responses to antiangiogenic agents in tumors and heart
(Fig. 2A). To obtain tumor stromal cells, immunodeficient
mice were engrafted with either COLO205 or HT-29 tumor
cells. Once tumors were established, mice were either sacrificed
or treated with a single injection of control protein (human
hFc, 25 mg/kg), aflibercept (afl, 25 mg/kg), aD1l4 (10 mg/kg),
or a combination of aflibercept plus aDIl4 Ab for 24 or
72 hours. Heart tissue from the same mice was collected to
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Figure 1.

Cell population and endothelial cell (EC) subpopulations in heart. A, Left, t-SNE projection of 851 cells isolated from control hFc-treated mouse heart revealed
five clusters (0-4) that represent four distinct cell populations: ECs, fibroblasts, leukocytes, and muscle cells. Each dot is a cell colored by inferred
clusters. Clusters 1and 2 represent ECs. Middle, Heatmap showing scaled expression [log,(UMI+1) values] of top 10 cluster-discriminative genes per cluster.
Color scheme is based on z-score distribution, from -2.5 (blue) to 2.5 (red). Right, violin plot shows expression [in log,(UMI+1) scale] distribution of
representative markers across cell types. B, Left, heatmap of unsupervised clustering of 838 heart ECs (in columns) using 90 subpopulation-specific genes
(in rows) shows four distinct subpopulations: ECI, arteriole; EC2, capillary; EC3, venule; EC4, lymphatics. Right, 3D t-SNE plot using all expressed genes
confirms the four EC subpopulations in the 838 heart EC dataset. C, Violin plot showing expression of published (bottom) and novel (top) marker
genes in different EC subpopulations for arteriole (Sox17, Stmn2), capillary (Cd300lg, Ramp3), venule (Emcn, Vwf), and lymphatic (F/t4, MmrnT) ECs.

D, Validation of EC markers by RNAScope on heart FFPE sections: Bace2 for venous and Reln for lymphatic ECs were identified in this study. Ephb4
and Prox1, which are generally considered as vascular venule and lymphatic EC markers, show diffuse expression. IHC for the EC maker CD31and the lymphatic
EC marker Lyvel clearly delineates the specific EC populations. Black arrow, specific expression; red arrow, nonspecific expression.
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study treatment effects on normal ECs. Each experiment was
performed in duplicate for cross validation.

In xenograft tumors, host-derived mouse stromal cells could
be differentiated from human tumor cells based on prepon-
derance of RNA-seq reads that mapped to the mouse rather
than the human reference genome. In initial experiments, the
majority of isolated single cells from COLO205 tumors were
tumor cells, whereas only a small fraction of cells were stromal
cells (Supplementary Fig. S3A, left). To enrich stromal cells,
we used antibodies to deplete most of the human tumor cells
(Supplementary Fig. S3A, right). The depletion procedure
also removed some of the leukocytes, allowing our analyses
to focus on ECs and fibroblasts. For all the mouse single cells
included in our analyses, a median of 77,920 reads were
mapped to exonic regions and an average of 1,142 genes were
detected per cell.

Unsupervised analysis identified three major cell popula-
tions in the enriched tumor stromal cell populations, namely
fibroblasts-like cells, leukocytes, and ECs (Supplementary Fig.
S3B). Using one-way ANOVA test, tumor stromal cell type-
specific genes were identified and were compared with cell
markers as seen in the heart (Fig. 2B). With similar total read
counts per cell, average numbers of expressed genes captured in
these three cell types were significantly different, with leuko-
cytes having the lowest number of genes detected and fibro-
blast-like cells having the highest number of genes (Fig. 2C).
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Although the leukocyte population was smaller than the fibro-
blast-like or EC populations following tumor cell depletion,
we were still able to include the remaining leukocytes in some
of our analyses.

Distinct EC subpopulations in the tumor stroma

Focusing initially on untreated COLO205 xenograft tumors,
two EC subpopulations were revealed by unsupervised hier-
archical and Seurat clustering tool (using a total of 183 ECs;
Supplementary Fig. S4A). Genes distinctive to each cluster were
identified by one-way ANOVA test. One cluster, which preferen-
tially expressed known tip cell genes such as Kcne3, Nid2, and
Dli4, may represent endothelial tip-like cells, whereas the other
cluster, which dominantly expressed known stalk EC genes Vwf
and Selp, may represent nonsprouting cells or stalk-like cells
(Supplementary Fig. S4B). We next performed a similar analysis
on another set of 256 ECs from control hFc-treated COLO205
xenograft tumors and obtained similar results. By joining the
two ANOVA test results, we derived a 60-gene signature for best
classifying tip-like and stalk-like EC subpopulations (Table 1).
Besides known marker genes such as Kcne3 for tip-like cells and
Selp for stalk-like cells, we were able to identify additional poten-
tial tip-like cell markers such as Ramp3, Ednrb, and Cldn5 as well as
stalk-like cell markers such as Ackrl and Tmem252. Ramp3 and
Ackr1 showed EC-restricted expression and were further validated
by histologic approaches (RNAScope; Fig. 3A).

Cancer Research

220z ¥snbny /g uo ysenb Aq ypd 0.£2/G5¥8.12/0.£2/6/8./3Ppd-8lonIe/Sa1180uBD/B10"S[euInofioee//:dRy woly papeojumod



Tumor Endothelial Cell Heterogeneity by Single-Cell Analyses

Table1. Top 60 (by P value) differentially expressed genes between endothelial tip-like and stalk-like cells derived from COLO205 xenograft tumors, listed in

alphabetical order

Stalk-like Ackrl1, Aqpl, Clqtnf9, Cd36, Csrp2, Ehd4, Fbin5, Hspbl, Ligp1, 116st, Jam2, Lgals3, Lrg1, Meox2, Plscr2, Sdpr, Selp, Spint2, Tgfbi, Tgm2, Tmem176a,
Tmem176b, Tmem252, Tspan7, Vwf
Tip-like Adm, Ankrd37, Clqtnf6, Cldn5, Col4al, Col4a2, Cotll, DIi4, Ednrb, Fscnl, Gpihbp1, Hspg2, Igfbp3, Inhbb, Jup, Kcne3, Kcnj8, Lama4, Lamb1, Lxn,

Marcksll, Mcam, Mest, N4bp3, Nid2, Notch4, Plod]1, PIxndl, Pmepal, Ptn, Ramp3, Rbp1, Rgcc, Rhoc, Trp53ill

NOTE: Genes also differentially expressed in tip-like and stalk-like cells from HT-29 tumors are shown in bold.

Using this 60-gene signature, ECs from COLO205 tumors
treated for 24 hours or 72 hours (all treatments combined) were
consistently clustered into three distinct subpopulations, namely
tip-like, stalk-like, and an intermediate cell population, which
we termed transition cells (Fig. 3B, Supplementary Fig. S4C).
Transition cells expressed both tip-like and stalk-like cell markers,
apparently representing a population at a stage in-between
those two phenotypes. Notably, ECs collected at 72-hour post-

Figure 3.

Subpopulations of tumor endothelial
cells. A, Expression of tip (Kcne3 and
Ramp3) and stalk (Selp and AckrT) cell
markers by RNAScope in COLO205
tumor. H&E, hematoxylin and eosin. B, B
Heatmap of 60 tip-stalk gene signature
by consensus clustering of 1,102 ECs
collected at 24-hour posttreatment.
Left, tip-like cells; middle, transition
cells; right, stalk-like cells. Treatments
of each cell are indicated below the
heatmap with black bars. C, Overlap of
genes that distinguish heart EC
subpopulations with 35 tumor tip cell
markers and 25 stalk cell markers.

Tip-like
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treatment (Supplementary Fig. S4C) showed more variability
within tip-like as well as stalk-like cell populations compared
with the 24-hour-treated ECs. For example, some stalk-like
cells did not express Vuwf, Selp, and Ackrl, whereas expression
of Adm and Ankrd37 became mutually exclusive from Ptn and
Ramp3 in tip-like cells. This increase in diversity did not seem to
be a result of treatment, as treatment conditions were not signif-
icantly associated with cell distribution.
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In order to determine if our findings were more broadly
applicable to other tumor models, we conducted similar experi-
ments and analyses on single cells isolated from a different
xenograft tumor, HT-29. Similar to COLO205 tumors, two EC
subpopulations were identified in HT-29 tumors based on the
40 EC cells analyzed (Supplementary Fig. S4D). The subpopu-
lation gene signatures substantially overlapped between
COLO205 and HT-29 xenografts. At least 49 genes out of the
60-gene signature derived from COLO205 tumors were associ-
ated with tip-like or stalk-like cells in HT-29 tumors, suggesting
that the tip-like versus stalk-like cell gene signature is largely
valid in different tumor models. However, there was little
concordance between the genes defining the four EC subpopu-
lations in the heart and those defining the tumor EC subpopu-
lations. Also, no lymphatic ECs were detected in a total of more
than 2,900 ECs from either COLO205 or HT-29 tumors. Sup-
plementary Table S3 lists 19 genes out of the 60 tip-stalk gene
signature from COLO205 tumors that also showed subpopu-
lation preference in heart ECs without consistent associations
(Fig. 3C). Tumor endothelial tip-like cell markers Kcne3 and
Kcnj8 were rarely detected in heart ECs.

Alteration of EC subpopulations in the tumor upon treatment
with different antiangiogenic agents

After developing a gene signature to distinguish tip-like,
transition and stalk-like cells in tumors, we assessed how dif-
ferent antiangiogenic treatments affect the different subpopula-
tions. COLO205 tumor-bearing mice were treated with control
human Fc protein (hFc), the VEGF blocker aflibercept (afl),
aDll4, or a combination of aflibercept and aDIl4 (combo) for
24 hours or 72 hours, and single cells were analyzed. The relative
number of tip-like, transition and stalk-like ECs isolated fol-
lowing the different treatments were quite different. For exam-
ple, the relative number of tip-like cells increased upon aDIll4
treatment at 24-hour posttreatment. In contrast, aflibercept
treatment strongly reduced the proportion of endothelial tip-
like cells at both 24-hour and 72-hour posttreatment, whereas
blockade of both pathways resulted in a somewhat less dramatic
decrease in tip-like cells (Figs. 3B and 4A). Although the number
and types of cells captured could be affected by many factors,
this pattern was reproduced in duplicate experiments, suggesting
that the changes were due to the respective treatments.

The changes in EC subpopulations could be a result of
changes in cell proliferation caused by aDll4 or aflibercept
treatments. To address this question, we examined EC prolifer-
ation using a panel of cell-cycle-related genes (30). Aflibercept
treatment, alone or in combination, caused decreased cell-cycle
activity in all three EC subpopulations compared with control
hFc treatment at both 24- and 72-hour time points. In contrast,
aDll4 treatment promoted cell proliferation across all EC sub-
populations beyond what was observed in the control Fc-treated
group at 24-hour posttreatment (Fig. 4B, top). The growth
stimulation effect of aDIll4 treatment diminished at 72-hour
posttreatment (Fig. 4B, bottom). In order to quantify cell-cycle
activity, we calculated a z-score for each cell-cycle gene and
assigned a combined z-score to each cell to represent the overall
cell-cycle activity in each cell. ECs were assigned to active or
inactive cell-cycle groups based on the combined z-score. Sup-
plementary Table S4 summarizes the cell-cycle activity within
each treatment group per endothelial subpopulation. EC
cycle activity was significantly decreased by aflibercept (alone
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or in combination) in all subpopulations at both 24 hours
and 72 hours, whereas it was increased by aDIll4 treatment at
24-hour posttreatment.

We also looked at differentially expressed genes between drug
and control-treated cells within tip-like, transition, and stalk-like
EC subpopulations. Due to reduced cell counts upon certain
treatments, these analyses were limited to groups with at least
50 ECs. In general, the drug treatments had greater impact on
tip-like cells than stalk-like cells. In tip-like cells, aflibercept and
aDll4 single agent led to expression changes in similar sets of
genes highlighting upregulation of hypoxia response and glyco-
lysis and downregulation of insulin growth factor signaling
(Supplementary Table S5; Fig. 4C; Supplementary Fig. S5). Hilpda,
which encodes a hypoxia-inducible lipid droplet associated
protein, was significantly upregulated in tip-like cells at 24-hour
and 72-hour posttreatment, supporting the previous finding
that these treatments led to decreased oxygen delivery in the
tumor microenvironment (9). On the other hand, cyclin D1
(Ccnd1) was significantly downregulated in stalk and transition
cells upon aflibercept or combination treatment at 24 hours,
confirming that these treatments resulted in inhibition of EC
proliferation. At 24-hour posttreatment, a number of tip genes
defined in this study, including Adm, Ankrd37, Cotll, Rgcc, and
Kcne3, were significantly upregulated in tip-like cells upon aDll4
treatment. There are also drug-specific gene signatures such as
upregulation of Tgfb1 only observed in aflibercept-treated tip-like
cells. Igfbp7, Ybx1, and Plvap were consistently downregulated
genes among all treatment conditions.

There have been reports that loss of Notch signaling is associ-
ated with an increase in expression of Vegf receptors (Vegfr2/Kdr
and Vegfr3/Flt4), for example, in tip cells, but we did not observe
such an increase at either 24-hour or 72-hour posttreatment. In
contrast, placental growth factor (Pgf) was persistently upregu-
lated in tip-like cells following drug treatments. Unlike Notch4
and Fl4, which were mainly restricted to tip and transition cells,
Notch1 and Kdr were expressed in all ECs.

Effects of aflibercept and aD1l4 treatment on ECs in normal
heart

We next examined changes in heart ECs upon drug treatment.
Although the EC subpopulations did not show an obvious shift as
seen in tumor ECs, cell-cycle activity increased upon aDll4 treat-
ment at 72-hour posttreatment (Fig. 5A, bottom). The ECs under-
going cell-cycle activity were more restricted to the capillary
subpopulation. These changes were not observed at the 24-hour
time point (Fig. 5A, top), suggesting that the effects of Dll4
blockade on heart ECs took longer than 24 hours to manifest as
changes in gene expression under our experimental condition.
Because aDll4-induced capillary proliferation was a similar phe-
nomenon seen in tumor tip cells, we examined if aD114 treatment
could invoke tip cell properties in heart ECs by looking at
differentially expressed genes in ECs between aDIl4 and control
hFc-treated subpopulations (Supplementary Table S6). Interest-
ingly, four out of the top 16 differentially expressed genes
ordered by FDR-adjusted P values (P < 1e-5) were tip cell marker
genes defined above including Adm, Lxn, Fscnl1, and Col4al. These
four genes were significantly upregulated in heart EC2 cells
(capillaries) upon aDll4 treatment at 72 hours (Fig. 5B), and at
the 24-hour time point showed a trend toward upregulation. In
contrast, aflibercept treatment led to a slight decrease in expres-
sion of these four genes (Fig. 5B). Taken together, these data
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Figure 4.

Drug treatment led to tumor endothelial cell
subpopulation changes and transcriptome re-
programming. A, Number and relative distribution
(%) of EC subpopulations in different treatment
groups at 24 (top with 1,102 cells)- and 72-hour
(bottom with 397 cells) time points. B, Heatmap of
cell-cycle genes showed cell proliferation activity.
Treatment groups are indicated above the heatmap
and EC subpopulations are indicated below the
heatmap by colored bars. Columns are cells, rows
are genes. (UMI+1) is log, transformed and
displayed in the heatmap. C, Heatmap on fold
changes of altered genes upon drug treatments.
The top 87 gene list was derived from merging
genes with significant expression change for drug
versus control hFc comparisons (Supplementary
Table S5). Bold font, genes preferentially expressed
in tip-like cells.
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Changes in heart endothelial cell
subpopulations upon treatments. A,
Heatmap of cell-cycle genes in ECs in the
different subpopulations upon treatment for
24 hours (top with 838 ECs) and 72 hours
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suggest that the reported changes in heart tissue after prolonged
Dll4 blockade (19, 31) already start on a molecular level 24-hour
posttreatment.

Subpopulations of tumor-associated fibroblast and normal
fibroblast cells

In addition to ECs, we also obtained other stromal cells
including tumor-associated fibroblasts (TAF) from COLO205
and HT-29 tumors. To interrogate stromal fibroblast subpopula-
tions, TAFs from COLO205 were grouped into six clusters by
Seurat, which formed into three distinct subpopulations, specif-
ically fibroblast-like cells, smooth muscle-like cells, and pericytes
(Fig. 6A; Supplementary Fig. SGA-S6C). Figure 6B shows expres-
sion of known cell type markers in the three subpopulations. Cells
in cluster 1, 2, 4 express Dcn, suggesting they are fibroblast-like
cells; cells in cluster 0 and 3 highly express smooth muscle actin
(Acta2) and Tagln, indicating that they are smooth muscle-like
cells. And the cells in cluster 5 express known pericyte markers
Rgs5 and Des, suggesting they are pericytes. Fap, a gene expressed
by activated fibroblasts, was found to be expressed by cells in all
six Seurat clusters or all three subpopulations. Two genes likely

2378 Cancer Res; 78(9) May 1, 2018

involved in angiogenesis, Notch3 and Angpt2 (32), were found to
be highly expressed in pericytes (Fig. 6B). Col10A1, which is
frequently expressed by TAFs of many cancer types and by myofi-
broblasts during wound healing (33, 34), was expressed by a
subset of smooth muscle-like cells in cluster 0 and some pericytes
(Fig. 6B). The analysis in TAFs from HT-29 tumor resulted in the
same cellular components and similar marker gene expression
pattern.

Unexpectedly, we found that the EC gene Tek/Tie2, which has
been used as an EC-specific Cre-driver (35) and has also been
reported to be expressed in a tumor-associated macrophage/
monocyte subpopulation (36-38), was found to be expressed in
some fibroblast-like cells from COLO205 tumors (Fig. 6B). The
detection rate of Tek/Tie2 in TAFs ranged from 3.4% to 11% in
the fibroblast-like population, compared with 28% to 48%
in ECs. In contrast, from the approximately 2,000 leukocytes
captured from all COLO205 xenograft experiments, of which
macrophages/monocytes made up approximately one-third of
the population, Tek/Tie2 expression was only detected in a total
of eight cells (approx. 1% of tumor monocytes/macrophages).
In addition, the expression level of Tek/Tie2 was much lower in
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Figure 6.

Subpopulations in COLO205 tumor-associated fibroblasts and transcriptome changes upon drug treatment. A, t-SNE projection of 988 TAF single cells from
control-treated COLO205 tumors at 24-hour posttreatment revealed three major subpopulations as fibroblast-like (FB), smooth muscle-like (SM) cells, and
pericytes. B, Expression of selected subpopulation-specific genes and genes of interest. Blue, expressed; gray, not expressed. The color scale is on
log(UMI+1). C, Violin plot showing differential expression of selected genes in control-treated COLO205 tumor-derived (445 SMs and 543 FBs) and adult
heart-derived (94 SMs and 621 FBs) TAFs. D, Heatmap on fold changes calculated on drug-treated over control-treated cells shows differentially expressed
genes in smooth muscle cells derived from COLO205 tumors at 24- and 72-hour posttreatments. Arrows, a few genes mentioned in the text.
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leukocytes (1 to 5 UMI) compared with TAFs (up to 30 UMI) and
ECs (up to 100 UMI). In parallel, none of the 303 leukocytes
isolated from HT-29 tumors expressed Tek/Tie2. These data sug-
gest that either Tie2-expressing monocytes are a very rare popu-
lation present only in some tumors, or that Tie2 expression in
monocytes is lower than the detection limit in our current
experiments.

Similar to tumors, cardiac fibroblasts, a collective term, can also
be classified into three distinct cell types, which correspond with
fibroblast-like cells, smooth muscle-like cells and pericytes (Sup-
plementary Fig. S7A-S7C). We analyzed the major differences
between tumor fibroblasts and heart fibroblasts by comparing
gene expression profiles of the smooth muscle-like or fibroblast-
like cells from COLO205 tumors to those from heart. With three-
fold cutoff, smooth muscle-like cells from heartand tumorshowed
279 differentially expressed genes. Similarly, fibroblast-like cells
from heart and tumor showed 217 differentially expressed genes.
Between the differentially expressed genes in the two cell types,
there were 107 overlapping genes, which could be placed in several
functional categories. Among them, more than two-thirds were
upregulated genes and more than half of the upregulated genes
produce secreted molecules (Supplementary Table S7).

Tumor stromal fibroblasts showed several distinct molecular
features compared to similar cells from heart (Fig. 6C). First,
both smooth muscle-like and fibroblast-like cells derived from
tumors (TAF) expressed high levels of chemokines that were
rarely seen in those derived from the heart. Second, genes
encoding extracellular matrix proteins and TGF-§ pathway
genes were highly upregulated in TAFs compared with stromal
cells in heart. For example, Spp1 and Fnl were almost exclu-
sively expressed in TAFs. Third, genes involved in protein
processing, transport and lysosome activity such as cathepsins
were also upregulated in TAFs. Fourth, genes known as cell
lineage differentiation markers were downregulated in TAFs as
indicated by a lower expression level of smooth muscle-like-
specific genes such as Acta2 and Tagln and the fibroblast-
specific gene Dcn. Interestingly, Vegfd (Figf) was expressed at
much higher level in the fibroblast-like compartment of
tumors compared with the equivalent cells in heart.

Finally, we compared genes expressed in pericytes between
tumor and heart. Among pericyte-defining genes, signaling
molecules like Notch3 and Pdgfrb were expressed in both tumor
and normal pericytes. However, the angiogenic factor Angpt2
was only detected in tumor pericytes (Fig. 6B; Supplementary
Figs. S6A-S6C and S7A-S7C), consistent with its role in vas-
cular remodeling and active angiogenesis. The relative ratio of
cell populations differed in tumor and heart: in heart, isolated
smooth muscle-like and fibroblast-like cells were found ata 1:4
cell count ratio, whereas in tumors the ratio was approximately
1:1. These data suggest an enhanced role of smooth muscle-like
cells, especially pericytes, in the tumor microenvironment.

Because we observed effects on ECs in COLO205 tumors after
treatment with aflibercept or aDIl4, we examined differentially
expressed genes in fibroblast subpopulations under drug-treated
and control-treated conditions. Genes involved in transcription
and translation were downregulated upon both antiangiogenic
treatments (Supplementary Table S8). As expected, we observed a
significant upregulation of several hypoxia-responsive genes, such
as Ddit4, Angptld, Pgkl, and Vegfa, in TAFs after treatment with
aflibercept, aDll4, or combination over control hFc treatment at
both 24 hours and 72 hours (39, 40).
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Using expression levels of these hypoxia genes as a surrogate for
hypoxia severity, we found that combination treatment led to the
strongest hypoxic effect in TAFs, whereas the effect of aflibercept at
the same time points was somewhat less. With all treatments, the
hypoxia signature was more pronounced at 72 hours than at
24-hour posttreatment. Notably, in addition to Vegfa, Inhba and
Il4a were also upregulated in smooth muscle-like cells, with fold
changes correlating with hypoxia severity (Fig. 6D). Downregula-
tion of Igfbp7 also occurred in TAFs, as was observed in ECs upon
drug treatments (Fig. 6D and Supplementary Table S8). Thus, our
data showed transcriptional changes in TAFs in response to the
onset of hypoxia, and the induced genes including pro-angiogenic
genes like Vegfa.

Discussion

In this study, we used single-cell transcriptome profiling to
characterize the heterogeneity of ECs and fibroblasts in tumors
as well as in heart tissue. COLO205 xenograft tumors were
chosen to build on our previous studies, where we used bulk
RNA analysis to identify gene expression changes reflecting
vascular response to VEGF blockage (8). From nearly 2,900
ECs collected from COLO205 xenograft tumors, cells could be
classified into three subpopulations, which appear to corre-
spond to previously described endothelial tip- and stalk-cells,
as well as an intermediate we called transitional cells. Marker
genes that can distinguish these endothelial subpopulations
were identified; in addition to known markers such as Kcne3
and DIl4 for tip cells, and Vwf and Selp for stalk cells, many of
the genes are novel markers, including Ramp3 and Ednrb for tip-
like cells, and Ackr1 and Spint2 for stalk-like cells. Notably, over
80 percent of these marker genes were reproduced in another
xenograft tumor model, HT-29.

In addition to tumor ECs, we characterized over 5,300 ECs
from normal adult mouse heart, which provides an abundant
source of quiescent arteriole, venous, and capillary cells. In
subcutaneous tumor models used in our studies, the tumor
vasculature can originate from several tissues surrounding the
site of tumor implantation including dermis, subcutaneous
space or even underlying muscle, making it difficult to utilize
a single tissue source for comparison. Previous studies have
documented that heart ECs resemble muscle ECs, but are dis-
tinct from other organs including liver ECs (17, 18). The dis-
tinctive features of heart ECs reported in other studies were not
the basis of distinguishing heart from tumor ECs in our studies.
Heart ECs were classified into four subpopulations, correspond-
ing to capillary, arteriole, venule, and lymphatic ECs. It is worth
mentioning that EphrinB2 (Efnb2) and its receptor Ephb4 have
been previously reported as arteriole and venule markers, respec-
tively, during mouse embryogenesis. However, Efnb2 was not
well expressed by ECs in adult heart and Ephb4 was not venule-
specific by our single-cell profiling or by histologic analyses
using RNA-scope. It is possible that expression of these markers
is tissue specific, or dependent on developmental stage, or that
the expression levels are below what can be reliably detected
with current single-cell transcriptome methods.

We also interrogated heterogeneity of other tumor stromal
components, namely TAF cells, and documented several subpo-
pulations, which appear to correspond to fibroblasts-like, smooth
muscle-like cells and pericytes. In the past these tumor stromal
cells have been difficult to clearly classify because of the
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upregulation of certain "lineage marker" genes such as aSMA,
which are specific in quiescent normal tissues but expressed by
several cell types in tumors. To overcome this cross-expression, we
utilized a panel of genes to classify these cells.

We also examined changes in EC and fibroblast subpopula-
tions following treatment with antiangiogenic agents that block
VEGF and DIll4-Notch signaling. In tumors, treatment with
aflibercept rapidly inhibits EC proliferation across all cell sub-
populations, particularly tip-like cells. In contrast, treatment
with aDll4 Ab promotes EC proliferation. These findings are
in agreement with our previous studies (8, 9), where we
observed changes in EC numbers upon aflibercept or aDll4
treatment. Measured by cell-cycle activity, the effect of aDll4
was more pronounced at 24 hours than at 72-hour posttreat-
ment, whereas the antiangiogenic effect of aflibercept was
prominent at both 24-hour and 72-hour posttreatment. Mea-
sured by the extent of gene changes, tip-like cells were affected
the most by antiangiogenic treatments, with similar patterns of
transcriptional program change upon aflibercept or aDI14 treat-
ment. Several tip-like cell markers were upregulated under either
drug treatment, suggesting that expression of many tip cell genes
could be driven by the hypoxic tumor microenvironment rather
than being drug specific. However, some drug-specific changes,
such as Tgfb1 upregulation upon aflibercept treatment in tip-like
cells, might be worth further investigation. In heart, aflibercept
treatment had minimal impact on EC gene expression, whereas
aDll4 Ab treatment promoted cell proliferation as well as tip cell
properties specifically in the capillary subpopulation. Plvap, a
key molecule for controlling vascular permeability and endo-
thelial diaphragms (41), was highly expressed by all tumor ECs,
and its expression was significantly downregulated after both
aflibercept and aDll4 Ab treatment at both 24 hours and 72
hours. Pgf, a molecule that can enhance the sensitivity of VEGF
receptors to their ligands was upregulated in ECs under hypoxic
stress upon antiangiogenic drug treatments.

Treatment with antiangiogenic agents also changed gene
expression patterns in TAFs. One of the expected gene signa-
tures relates to hypoxic response. Several molecules involved in
angiogenesis are produced by TAFs following antiangiogenic
therapies. First, Vegfa was upregulated under all drug treatment
conditions and the fold of change is correlated with hypoxia
severity. Second, Angpt2, which is expressed in ECs and can act
as a Tie2 agonist and limits the effect of VEGF inhibition (32),
was found to be also expressed by tumor pericytes but not those
in heart. Third, Vegfd was detected at high levels in tumor
fibroblast-like cells. Thus, other stromal components can con-
tribute to tumor angiogenesis, and potentially resistance to
antiangiogenic drugs, by secreting feedback molecules upon
local oxygen deprivation.

As an emerging technology, there are important limitations in
current single-cell transcriptome methods. One key consideration
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