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metastasis—specific targets in a
patient with small intestinal
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Abstract Genomic analysis of a patient’s tumor is the cornerstone of precision oncology, but
it does not address whether metastases should be treated differently. Here we tested
whether comparative single-cell RNA sequencing (scRNA-seq) of a primary small intestinal
neuroendocrine tumor to a matched liver metastasis could guide the treatment of a patient's
metastatic disease. Following surgery, the patient was put on maintenance treatment with a
somatostatin analog. However, the scRNA-seq analysis revealed that the neuroendocrine
epithelial cells in the liver metastasis were less differentiated and expressed relatively little
SSTR2, the predominant somatostatin receptor. There were also differences in the tumor mi-
croenvironments. RNA expression of vascular endothelial growth factors was higher in the
primary tumor cells, reflected by an increased number of endothelial cells. Interestingly, vas-
cular expression of the major VEGF receptors was considerably higher in the liver metastasis,
indicating that the metastatic vasculature may be primed for expansion and susceptible to
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her disease progression involved non-liver metastases that had not been characterized.
Although in this specific case comparative scRNA-seq did not alter treatment, its potential
to help guide therapy of metastatic disease was clearly demonstrated.
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INTRODUCTION

Metastatic tumor cells were once presumed to be highly similar to primary tumor
cells, but there is increasing evidence that primary and metastatic tumor cells from the
same patient can be different both genetically and epigenetically (Roe et al. 2017; Yates
et al. 2017; Mogensen et al. 2018). Additionally, metastatic tumor microenvironments and
their response to therapy can vary substantially between different organ sites (Zhang and
Yu 2019). Comparative single-cell RNA sequencing (scRNA-seq) offers a new methodologic
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Comparative scRNA-seq of a patient’s metastatic cancer

approach to assess differences between the composition of primary and metastatic tumor
cells and microenvironments including how signaling between different cell types within
the tumor has been altered. These differences might suggest new treatment strategies tai-
lored for metastatic disease, including patients with advanced gastrointestinal neuroendo-
crine tumors (GI-NETs). GI-NETs are slow-growing tumors arising from neuroendocrine
cells located in the Gl tract. They are generally well-differentiated with a lack of significant
mutations in major driver genes such as TP53, RB1, KRAS, and PTEN (Scarpa et al. 2017;
Simbolo et al. 2018). The current standard-of-care treatment is surgical debulking in patients
with locally restricted or limited metastases followed by the administration of somatostatin
analogs. Somatostatin analogs are used to counteract the effects of neuroendocrine tumor
hormone secretion and stabilize disease without major changes in tumor size (Diez et al.
2013). Patients with well-differentiated distant metastases have a 5-yr survival rate of 35%;
if poorly differentiated, the 5-yr survival rate is 4%, providing motivation to seek new treat-
ments tailored to metastatic tumors (Diez et al. 2013).

RESULTS

Clinical

A 58-yr-old female was admitted to Stony Brook Hospital in early 2018 with abdominal pain
associated with nausea and vomiting. A computed tomography (CT) scan showed a partial
small bowel obstruction. The CT scan also revealed multiple nodules in the liver, small bowel,
and peritoneum. In February 2018, the patient had an image-guided liver biopsy performed.
Pathology of the liver biopsy revealed a well-differentiated neuroendocrine tumor (carcinoid
tumor) with focal necrosis, consistent with metastasis. Post-discharge, the patient briefly tol-
erated a normal diet and had normal flatulence and regular bowel movements, but she then
experienced loose bowel movements and nausea and was then seen in the Surgical Oncol-
ogy clinic, where she denied having fevers, chills, chest pain, shortness of breath, or vomiting.
The case was presented in a multidisciplinary tumor board and the options of hormonal ther-
apy, targeted therapy, locoregional therapy, and surgical debulking were discussed. After
counseling with the patient and based on her relatively young age and her symptoms, it
was decided that she would benefit from tumor debulking surgery, which was performed in
March 2018, during which both the primary small intestine neuroendocrine tumor and the liv-
er metastasis were removed. Since then, the patient has been on monthly injections of 30 mg
Sandostatin LAR (octreotide acetate). Recently her cancer progressed and she was put on a
daily regimen of 10 mg Afinitor, an mTOR inhibitor, and is currently doing well.

Genomic Analysis

Separate single-cell RNA libraries using the 10x Genomics platform were prepared
from the primary tumor and the liver metastasis. Both tumors were designated as well-
differentiated based on histological analysis. The libraries were sequenced, and following
read alignment and generation of single-cell barcode matrices, we performed integrated
comparative analysis using Seurat (Stuart et al. 2019). Cluster analysis of the integrated
data revealed seven major cell types present in both the primary and metastatic tumors:
immune cells, endothelial cells, fibroblasts, and four subtypes of neuroendocrine tumor
cells (Fig. 1A). The four neuroendocrine subtypes were designated by Gene Ontology
(GO) term enrichment analysis of differentially expressed genes as secretory, synaptic,
presynaptic, and stressed or stress response. Based on gene expression analysis, the
secretory, presynaptic, and synaptic clusters corresponded to different stages of neuroen-
docrine differentiation (Fig. 1B). The synaptic subtype differentially expressed nine genes
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Figure 1. Comparative scRNA-seq analysis of a matched primary and metastatic GI-NET. (A) UMAP projection
of the integrated single-cell data showing seven distinct clusters; (B) a heatmap showing the relative expression
in the four neuroendocrine subtypes of the top differentially expressed genes; (C) a comparison of the primary
and metastatic percentages of the four subtypes of neuroendocrine tumor cells; (D) a dot plot showing com-
parative primary tumor metastasis expression of somatostatin receptor genes; (E) a comparison of the primary
and metastatic percentages of neuroendocrine tumor cells (Neuro.), fibroblast-like cells (Fibro.), endothelial
cells (Endo.), and immune cells; and (F) comparative (primary/metastatic) expression of key genes in the indi-
cated tumor cell type.

encoding synaptic proteins or proteins essential for synaptic function, four of which are
shown in Figure 1B (DNM1, CADPS, SYT7, and SLC18A2). The presynaptic subtype dif-
ferentially expressed three synaptic genes, and the secretory subtype expressed one.
Also in support of this proposed differentiation hierarchy, 44% of the neuroendocrine cells
of the primary tumor belonged to the most differentiated synaptic subgroup compared to
only 2% of the neuroendocrine cells of the liver metastasis (Fig. 1C). Additionally, 41% of
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tumor cells of the metastasis belonged to the least differentiated secretory subtype com-
pared to only 9% of the primary tumor cells (Fig. 1C). Importantly, genes encoding so-
matostatin receptors, which are the targets of the somatostatin analogs used to slow
disease progression, are more strongly expressed in the differentiated synaptic subgroup
than they are in the less-differentiated subgroups, resulting in relatively little of this key
therapeutic target being expressed in the metastasis (Fig. 1D).

The metastasis had higher tumor cellularity (81% vs. 55%) and correspondingly fewer
stromal cells: less fibroblasts (15% vs. 28%), fewer immune cells (3% vs. 6%), and a sixfold
lower percentage of endothelial cells (<2% vs. 11%) (Fig. 1E). Within the fibroblast cluster,
the expression of COL1A2 appeared similar, but the metastatic tumor fibroblasts expressed
considerably more RGS5 (Fig. 1F), a G-protein regulator that is exclusively expressed in peri-
cytes, contractile cells resembling fibroblasts that surround blood vessel endothelial cells
(Mitchell et al. 2008). Differential expression analysis of scRNA-seq data has to take into ac-
count the cells without a given mRNA (“dropouts”), and the bimodal distributions observed
in the plots such as Figure 1F reflect the presence of these dropouts and do not reflect a sec-
ond population of cells with lower expression. We estimated that 80% of the metastatic “fi-
broblasts” were actually pericytes, compared to <25% pericytes for the primary tumor.
Consistent with the greater number of fibroblasts in the primary tumor, the primary tumor
showed a possible paracrine inductive interaction between the most differentiated synaptic
tumor cells (expressing PDGFA) and fibroblasts (expressing PDGFRA), but the metastasis did
not (Fig. 1F). In contrast, the metastatic pericytes expressed considerably higher levels of
PDGRB, a known pericyte marker (Fig. 1F). The greater number of fibroblasts in the primary
tumor was reflected histologically in the higher amount of collagen-rich stroma observed in
the primary tumor (Fig. 2A) compared to the metastasis (Fig. 2B).

We then examined how the primary and metastatic tumor microenvironments differentially
impact endothelial cells and vascularization. First, we examined the production of the three
VEGF homologs. VEGFA was expressed at higher levels in the neuroendocrine tumor cells
and the immune cells of the primary tumor compared to the metastatic tumor (Fig. 2C).
VEGFA is known to be expressed by tumor-associated macrophages (TAMs), and the differen-
tial expression may indicate a lower influx of TAMs at the metastatic site (Ugel et al. 2015).
VEGFB was expressed at high levels in the fibroblasts of the primary tumor but not in its met-
astatic counterparts and TGFB1, whereas VEGFC was expressed at comparable levelsin endo-
thelial cells (Fig. 2D). In contrast, the metastatic endothelial cells expressed higher levels of the
VEGF receptor gene FLT1 and significantly higher levels of KDR, the latter being the primary
VEGF receptor for mitogenic signaling (Fig. 2D). Additionally, the metastatic endothelial cells
produced PDGFB, which the primary tumor endothelial cells did not, establishing a possible
paracrine signaling support for the metastatic PDGFRB-expressing pericytes (Fig. 2D).

The majority of the protumorigenic genes for secreted proteins we uncovered were ex-
pressed at higher levels in the primary tumor but not the metastatic tumor, consistent with
the notion that these protumorigenic microenvironmental changes developed in the primary
tumor over time (Fig. 2E). These included increased production of VEGFA by both tumor
cells and macrophages, increased production of VEGFB by fibroblasts, increased production
of PDGFA by tumor cells, and correspondingly higher levels of PDGFRA in fibroblasts.
Despite the primary tumor producing more VEGF, the cellular components of the metastatic
vasculature appeared primed for expansion (Fig. 2E).

DISCUSSION

Our study demonstrates that comparative scRNA-seq provides a wealth of information
not only on the cell-type composition of metastatic tumors, but also details concerning
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Figure 2. Histological and molecular differences between the primary NET and its metastatic counterpart.
(A) Masson'’s trichrome staining of a primary tumor tissue slice (40x); (B) Masson’s trichrome staining of a met-
astatic tumor tissue slice; (C) comparative (primary/metastatic) expression of VEGFA in different tumor cell
types; (D) comparative (primary/metastatic) expression of key genes in the indicated tumor cell type; and
(E) key differences in gene expression of ligands and corresponding receptors in the tumor microenvironments
of primary versus the metastatic gastrointestinal neuroendocrine tumor samples. Blue labeling indicates en-
hanced expression levels in the primary tumor; red labeling indicates enhanced expression levels in the met-
astatic tumor.

possible paracrine signaling loops and how this information might be used to tailor thera-
peutic strategy to blocking metastatic growth. One question that arises is whether bulk
RNA-seq would have detected these changes as well. To address this, we computationally
combined all the cells for each sample to perform a mock bulk RNA-seq. This analysis indi-
cated that only a minority of alterations would have been detected by bulk RNA-seq
(Supplemental Table 1).

The analysis of this patient’s liver metastasis provides a rationale for treating this patient's
metastatic disease with the multikinase inhibitor sunitinib, which inhibits both PDGFRB,
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expressed preferentially in the metastatic tumor and part of a reciprocal ligand-receptor in-
teraction between endothelial cells and pericytes, and the major mitogenic VEGF receptor
encoded by KDR, which is also selectively overexpressed in the metastatic endothelium. This
interpretation of comparative scRNA-seq results is supported by the preclinical results with
sunitinib, which revealed delays in tumor growth in a RIP1-Tag2 transgenic mouse model of
pancreatic islet-cell tumors by reducing endothelial-cell density and pericyte coverage of tu-
mor vessels in concert with delays in tumor growth in a mouse model of pancreatic islet-cell
tumors (Pietras and Hanahan 2005). However, we do not know whether non-liver metastases
would have a similar tumor microenvironment, and treatment with sunitinib may be totally
ineffective against those non-liver tumors. Despite sunitinib being approved for pancreatic
NET, there is yet no clinical evidence that sunitinib is effective for the treatment of small
bowel NET, whereas there is strong evidence that mTOR inhibition can be effective in halting
cancer progression in small bowel NET (Yao et al. 2016).

Despite these caveats, comparative scRNA-seq does appear to have the potential to
help advance our understanding of different metastatic microenvironments. Once the cost
of comparative scRNA-seq is sufficiently reduced to allow its use in the clinic, its potential
application to guiding specific treatments will become clearer.

METHODS

Tumor Sample Dissociation into a Single-Cell Suspension

The primary tumor specimen and the metastatic lesions were delivered from the surgical
pathology core, once the margins were declared negative, in advanced DMEM/F12 on
ice. The specimens were washed in ice-cold PBS and minced into 5-mm?® sections. For
each tissue section, a small section was fixed in 10% formalin for histological studies. Both
the tissue specimens were processed simultaneously to avoid batch effect. The remainder
tissue specimens were minced into smaller pieces of 0.5-1 mm?® and digested for 45 min
at37°C, in a solution containing 5 mg/mL Collagenase Type Il (Invitrogen) and 1 mg/mL dis-
pase (Invitrogen), in the presence of 2.5% fetal bovine serum (FBS) (Gemini Bioproducts).
The tissues were additionally digested with 1 mg/mL DNAse (Stem Cell Technologies) for
15 min. The digested cells were pelleted and washed two times, and any visible blood cells
were removed using the ACK lysis buffer (Sigma-Aldrich). These suspensions were filtered
separately through a 70-um cell strainer to get rid of undigested tissue chunks. If the suspen-
sion needed further declumping, it was digested for a minute in TryPLE express (Invitrogen),
neutralized with 10% FBS, and filtered through a 40-um cell strainer. The final cell suspen-
sions were pelleted by centrifuging at 300g for 5 min and resuspended in PBS with 0.1%
BSA (Life Technologies) to a final concentration of 10,00,000 cells/mL. The cell viability
was examined using trypan blue exclusion (Invitrogen).

scRNA-seq and Sequencing Library Construction Using the 10x Genomics Platform
Ten thousand cells each from the single-cell suspensions were loaded onto the 10x geno-
mics platform, to generate single-cell encapsulation in gel bead in emulsion (GEM).
scRNA-seq libraries were further generated using the Chromium Single Cell 3’ Library and
Gel Bead kit v2 (PN-120237), as previously described. Libraries were paired-end sequenced
on an lllumina HiSeq 4000 instrument.

Bioinformatic Processing of scRNA-seq Data

The Cell Ranger Single-Cell Suite 3.01 was used to demultiplex and identify the assigned
barcodes for each of the primary tumor and metastatic lesions. We used Cell Ranger version
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1.3.1 (10x Genomics) to process raw sequencing data and Cell Ranger R kit version 2.0.0 and
Seurat suite version 3.0.0 for downstream analysis. We obtained reads from 1114 cells from
the primary tumor and 3595 cells from the metastatic tumor. For the two samples, total reads
between 200 million to 450 million per library was obtained with an average of approxi-
mately 40,000 reads and 17,000 reads mapping to an individual cell in each sample,
respectively. For more detail on sequencing coverage, see Supplemental Table 2. To test
whether the discrepancy in read depth influenced the differential gene expression analysis,
both the primary and metastatic counts were equalized using the SampleUMI Seurat
tool. The results of this analysis are shown in Supplemental Figure 1. The basic UMAP hyper-
parameters that we used were n_neighbors =30, min_dist=0.3, n_components =2, and
metric = cosine.

Tissue Preparation of Histological Sectioning, Fixation, and Staining

The tissue sections preserved for histology purposes fixed in formalin were switched to 70%
ethanol within 24 h and were sent to the Stony Brook Histology Core for paraffin embedding.
Five-micron-thick sections were sectioned and stained with hematoxylin and eosin as well as
Masson's trichrome stain according to standardized protocols by the Stony Brook Histology
Core. Images were captured at 40x magnification and reviewed by a pancreatic cancer
pathologist.

ADDITIONAL INFORMATION

Data Deposition and Access

Single-cell sequencing data generated in the course of this study have been deposited to the
Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) under accession
GSE140312.
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