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SUMMARY
The cellular origin of sporadic pancreatic neuroendocrine tumors (PNETs) is obscure. Hormone expression
suggests that these tumors arise from glucagon-producing alpha cells or insulin-producing b cells, but insta-
bility in hormone expression prevents linage determination. We utilize loss of hepatic glucagon receptor
(GCGR) signaling to drive alpha cell hyperproliferation and tumor formation to identify a cell of origin and
dissect mechanisms that drive progression. Using a combination of genetically engineered Gcgr knockout
mice and GCGR-inhibiting antibodies, we show that elevated plasma amino acids drive the appearance of
a proliferative population of SLC38A5+ embryonic progenitor-like alpha cells inmice. Further, we characterize
tumors from patients with rare bi-allelic germline GCGR loss-of-function variants and find prominent tumor-
cell-associated expression of the SLC38A5 paralog SLC7A8 as well as markers of active mTOR signaling.
Thus, progenitor cells arise from adult alpha cells in response to metabolic signals and, when inductive sig-
nals are chronically present, drive tumor initiation.
INTRODUCTION

Pancreatic neuroendocrine tumors (PNETs) are a relatively rare

form of cancer with an incidence of approximately two cases

per one million people.1 Although these tumors are often rela-

tively indolent, they are usually identified only after progression,

with metastases to the liver a common factor that complicates

tumor resection. Although 10%of tumors are associated with fa-

milial endocrine tumor syndromes and germline loss of the tumor

suppressors MEN1, TSC, VHL, or NF-1, most tumors are spo-

radic, with exome sequencing finding somatic MEN1 mutations

in a significant fraction of these cases.2 This suggests that mech-

anismsmay be shared between familial and sporadic tumorigen-

esis. Additionally, mutations in DAXX, ATRX, or mTOR pathway

components have been identified, indicating that distinct mech-

anisms are also at work.3

Effective clinical therapies for PNETs have been challenging to

identify. Somatostatin or alpha-interferon treatment can coun-

teract the effects of hormone hypersecretion and may have

some effect on tumor growth.4 Peptide receptor radionuclide

therapy delivers cytotoxic radiolabeled somatostatin directly to

tumor cells and may also affect tumor progression.5 Streptozo-

cin is a DNA-alkylating agent that is selectively transported into

GLUT2-expressing tumor cells with minimal efficacy.6 More

recently, the tyrosine kinase inhibitor sunitinib and the mamma-

lian target of rapamycin (mTOR) inhibitor everolimus were found
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to improve progression-free survival and dramatically changed

the treatment landscape for PNET.7–9 The effectiveness of ever-

olimus, in light of the fact that mutations in the mTOR pathway

commonly arise in PNETs, suggests that a better understanding

of the mechanisms behind PNET initiation might open new ave-

nues for treatment.

The cellular origin and molecular etiology of PNETs have

been difficult to define. Cell lineage in pancreatic islets is

closely tied to the pattern of hormone expression, but it is clear

that hormone expression can be substantially dysregulated

during tumorigenesis, preventing any clear inference regarding

the cell of origin. Most tumors, around 90%, do not produce

hormone hyper-secretion syndromes, 6% express multiple hor-

mones, and 4% have been found to change the pattern of hor-

monal secretion during treatment.10 Patients with familial endo-

crine tumor syndromes have hyperplastic lesions or

microadenomas in their pancreas. Although such plausibly pre-

neoplastic lesions have not been associated with sporadic tu-

mors, hyperplastic changes are found in as many as 10% of

normal autopsies, where they may represent a precursor state

that leads to frank neoplasia in the small number of individuals

who present with sporadic PNETs. Profiling of surgically re-

sected human PNETs has identified subpopulations of tumori-

genic cells with stem-like marker gene expression, but these

studies have yet to identify a cell of origin that is relatable to

a mechanism for tumor initiation.11,12
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We previously identified a reciprocal feedback loop involving

glucagon secreted by pancreatic alpha cells and hepatic catab-

olism of amino acids.13 This signaling circuit relies on hepatic

glucagon receptor (GCGR) to down-modulate plasma amino

acid concentrations in response to glucagon binding. Loss of he-

patic GCGR results in elevated plasma amino acids and mTOR-

driven alpha cell hyperplasia.14–21 Ultimately, chronic disruption

of GCGR signaling results in gross PNET formation in aged mice

and humans.22–27

Taking advantage of this defined genetic model, we systemat-

ically characterized PNET progression using genetically engi-

neered Gcgr knockout mice and identified a proliferative

SLC38A5+ cell of origin in mTOR-dependent, immune-restricted

adenomas harboring low mutational burden. Importantly, alpha

cells of young and aged adult wild-type mice retain transcrip-

tional plasticity and adopt a similar proliferative SLC38A5+ pro-

genitor-like identity in response to elevated plasma amino acids.

Characterization of human GCGR-mutated tumors revealed

elevated mTOR signaling, minimal immune infiltration, and

upregulation of alternative amino acid transporters, including

SLC7A8.

RESULTS

An Inducible SLC38A5+ Alpha Cell Subpopulation Drives
PNET Initiation
Young adult Gcgr knockout mice exhibit broadly elevated con-

centrations of free plasma amino acids.13 To understand

whether this phenotype persists throughout the period leading

up to the appearance of tumors, we isolated blood plasma

from 80 heterozygous and homozygous Gcgr knockout mice

ranging from 2 weeks to 12 months of age (Figure 1A). We

observed sustained increases in plasma amino acid concentra-

tion across all ages as well as some amino acids—such as argi-

nine, serine, and threonine—exhibiting concentration increases

in late life (Figure S1A).

We next quantified the relative alpha cell area in pancreatic is-

lets over the lifespan of these mice. Hyper-proliferation of alpha

cells in knockout mice was detectable as early as 2 weeks of age

and persisted throughout adulthood (Figure 1B). Although alpha

cells were over-represented in islets of Gcgr knockout mice

throughout life, complete loss of growth regulation and escape

toward neoplasia were not observed until 9–12 months of age.

To better understand the transition from preneoplastic alpha

cells to frank tumors, we first used fluorescence-activated cell

sorting (FACS) to purify alpha cells from tamoxifen-treated,

3-month-old Gcg-Cre-ERT2;tdTomato mice that were Gcgr het-

erozygous controls or Gcgr homozygous knockouts and then

bulk-sequenced mRNA. In agreement with recent work,17 we

observed upregulation of Dapl1, Cd2, and the sodium-depen-

dent neutral amino acid transporter Slc38a5 (Figure 1C). We

functionally validated this RNA-based observation by SLC38A5

immunostaining and, although no expression in control tissues

was detected, we observed distinct membrane-localized

expression in a subset of alpha cells from Gcgr knockout islets

(Figure 1D).

To capture the diversity of individual alpha cells within the is-

lets of these mice, we performed single-cell RNA sequencing
2 Cell Reports Medicine 1, 100058, August 25, 2020
of dissociated mouse islets and identified diverse islet-associ-

ated cell types (Figures 1E and 1F). As expected, islets from

Gcgr knockout mice had proportionally higher numbers of alpha

cells and, interestingly, an emergent population of pancreatic

polypeptide (PP) cells was detectable that could not be clearly

identified in control islets (Figure 1F). To assess the heterogene-

ity of alpha cells, we plotted theGcg and Slc38a5 unique molec-

ular identifiers (UMIs) for each cell from both datasets. This

confirmed limited Slc38a5 expression in control islets and

elevated Slc38a5 expression in knockout islets. Further graph-

based clustering of alpha cells from Gcgr knockout mice re-

vealed two distinct populations, and, importantly, this clustering

was driven not only bySlc38a5 but also by other genes, including

Vgf and Dapl1 (Figure S1B).

In light of this alpha cell diversity, we asked whether Slc38a5-

expressing alpha cells in knockout mice persisted as residual,

incompletely differentiated embryonic alpha cell precursors or

represented an inherent mechanism of alpha cell plasticity that

enabled proliferation in response to metabolic flux.28 To answer

this question, we dosed 2-, 4-, 8-, and 12-month-old wild-type

mice with mAb7 (3C7v44) or the A9 anti-GCGR-blocking anti-

body and then quantified alpha cell area and SLC38A5 expres-

sion. As anticipated, alpha cell mass increased following treat-

ment with both antibodies in wild-type mice of all ages over a

3-week period (Figure 1G). More interestingly, a subset of alpha

cells from anti-GCGR antibody-treated mice expressed mem-

brane-localized SLC38A5 at each evaluated age (Figure 1G).

SLC38A5 was not observed in mice treated with an isotype con-

trol antibody. This gene expression plasticity suggests that alpha

cells are responsive to increased extracellular plasma amino

acids at all ages, independent of the driving mechanism, and in

Gcgr knockout mice, this response is likely chronic. We next

asked whether chronic induction of this inherent plasticity

pathway might be responsible for the transition of preneoplastic

alpha cells to adenoma or adenocarcinoma cells of aged

mice (Figure 1H). We immunostained PNETs from aged Gcgr

knockout mice to assess SLC38A5 expression and observed

strongmembrane-localized fluorescence in 21 of 23 tumors (Fig-

ure 1I). Further, phosphorylated S6 in these cells indicated active

mTOR signaling within SLC38A5-positive tumor cells. These ob-

servations encouraged transcriptome-wide profiling of tumors to

understand how young SLC38A5-expressing alpha cells differ

from aged SLC38A5-expressing tumor cells.

Proliferation Signature in SLC38A5+ Tumor Cells Is
Amino Acid Dependent
With transcriptomics data from alpha cells in hand, we microdis-

sected PNETs and neighboring control tissue from aged Gcgr

knockout mice and extracted mRNA for bulk sequencing. These

tumors had a bulk expression profile remarkably similar to alpha

cells from young knockout mice and expressed Gcg, Dapl1,

Vgf, and Slc38a5 (Figure 2A). To identify possible heterogeneity

within tumors, we performed single-cell RNA sequencing of four

PNETs and identified small populations of proliferation-enriched

glucagon- and SLC38A5-expressing cells (Figure 2B). Although

these proliferating tumor cells represent less than 2% of the total

tumor volume, they have the strongest proliferation signal of any

cells in the dataset, expressing Mki67, Cd168, Cdk1, and
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Figure 1. Plasticity of Alpha Cell Identity in Aged Wild-Type and Gcgr Knockout Mice Reveals an SLC38A5+ Subpopulation Responsible for

Tumor Initiation

(A) Time-course analysis of blood amino acid concentrations in heterozygous and homozygous Gcgr knockout mice corresponding to the mice shown in (B).

(B) Time-course analysis of relative alpha cell area in heterozygous and homozygousGcgr knockout mice. Insets show representative islets from each genotype

at 4 months. Five biological replicates per genotype at each time point. Scale bars, 50 mm.

(C) Analysis of bulk RNA-seq data from FACS-isolated alpha cells from homozygous Gcgr knockout and heterozygous control mice.

(D) Quantification of SLC38A5 immunostaining in 4-month-old mouse pancreas tissues. Five biological replicates per genotype. Scale bars, 50 mm

(E) tSNE visualization of single-cell RNA-seq data from dispersed Gcgr heterozygous islets with alpha cell-specific Gcg and Slc38a5 expression plots.

(F) T-distributed stochastic neighbor embedding (tSNE) visualization of single-cell RNA sequencing data from dispersed Gcgr homozygous knockout islets with

alpha cell-specific Gcg and Slc38a5 expression plots.

(G) Time-course analysis of alpha cell area and SLC38A5 expression in mice treated with mAb7 or A9 anti-GCGR antibodies for 2 or 21 days. Five biological

replicates per condition at each time point. Scale bars, 50 mm.

(H) Whole-slide H&E staining of pancreas tissue from a Gcgr homozygous knockout mouse with multiple PNETs. Scale bar, 2.5 mm.

(I) SLC38A5 and phosphorylated S6 immunostaining of pancreatic tumor tissue from a Gcgr homozygous knockout mouse. Scale bars, 50 mm.
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numerous other cell cycle regulators (Figure 2C).We validated this

observation by co-immunostaining SLC38A5 and MKI67 in fixed

PNET tissues (Figure 2D). With the knowledge that SLC38A5-ex-

pressing cells are themajor proliferative component in tumors, we

next asked whether these cells were dependent on supra-physio-

logical plasma amino acid concentrations for continued prolifera-
tion and tumor progression. To evaluate this question, we aimed

to normalize plasma amino acid concentrations by expression

of GCGR in the liver of aged tumor-bearing knockout mice using

AAV8 and the liver-specific thyroxine-binding globulin (TBG) pro-

moter.We first defined the optimal titer of AAV8 using a control vi-

rus with a GFP reporter. Immunostaining of transduced liver
Cell Reports Medicine 1, 100058, August 25, 2020 3



A

-lo
g 10

(q
 v

al
ue

)

Tumor mRNA-seq
200 genes with highest RPKM

B Filtered single cell RNA-seq
120

100

80

60

40

20

0

log10(fold change)
-10 -5 0 5 10 Dimension 1

D
im

en
si

on
 2

Eef1a2

Vgf
Gcg

Dapl1

Chga

Slc38a5

Endothelial
cells

Tumor 4

Tumor 3

Tumor 2

Tumor 1

Dendritic
cells

B cells

T cells
Macrophages

Graph based

Gcg

Proliferative

DC

-lo
g 10

(q
 v

al
ue

)

Differential expression
Proliferative tumor cell population125

100

75

50

25

0

log(fold change)
-6 -2-4 0 2 4 8 106

Mki67
Cd168
Pbk
Cdkn3
Cdc20
Cdca8
Ccnb2
Cdca3

Cdk1
Top2a

SLC38A5 MKI67

G Tumor volume

Time post-AAV8 (weeks)

H
PNET proliferation and SLC38A5 expression

Tu
m

or
 v

ol
um

e 
(m

m
3 )

90

75

60

45

30

15

0
0 21 43 5 6

Glucagon
Insulin

SLC38A5
Insulin

E

Pe
rc

en
ta

ge
 o

f G
FP

-p
os

iti
ve

 c
el

ls

AAV8 Titer Optimization
100

80

60

40

20

0

Titer (genome copies)
5×1010 5×1011 5×1012

F Total amino acids

Time post-AAV8 (weeks)

C
on

ce
nt

ra
tio

n 
(μ

M
)

20,000

16,000

12,000

8,000

4,000

0
0 2 4 6

Figure 2. PNETs from Gcgr Knockout Mice Are Amino Acid Dependent and Dominantly Composed of Proliferative SLC38A5+ Tumor Cells

(A) Analysis of bulk RNA-seq data from tumors and neighboring pancreatic control tissue from aged homozygous Gcgr knockout mice.

(B) tSNE visualization of single-cell RNA-seq data from dispersed tumors, with insets showing graph-based clustering, Gcg UMI counts, and proliferation sig-

natures for tumor cells.

(C) Differential expression analysis of tumor cells classified as having a proliferative signature based on hallmark expression of MKI67 and cyclin-dependent

kinases.

(D) SLC38A5 and MKI67 co-immunostaining in mouse PNET tissue. Scale bars, 100 mm.

(E) GFP immunostaining of liver tissues for quantification of AAV8 titer efficiency. The liver tissue section represents a 53 1012 unit titer. Three biological replicates

per virus concentration. Scale bar, 1 mm.

(F) Time-course analysis of blood amino acid concentrations in aged homozygousGcgr knockout mice transduced with AAV8-Gcgr (colored symbols) and aged

Gcgr knockout control mice (black and white symbols).

(G) Ultrasound quantification of tumor volume in aged homozygous Gcgr knockout mice transduced with AAV8-Gcgr.

Data point colors correspond to unique mice across (F) and (G).

(H) Whole-slide glucagon, insulin, and SLC38A5 immunostaining of pancreas tissues from tumor-bearingGcgr homozygous knockout mice that were transduced

with AAV8 engineered for liver-specific expression of Gcgr. Scale bars, 1.5 mm.
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tissues showed that 53 1010 units yielded less than 10% expres-

sion efficiency, 5 3 1011 units yielded 40% ± 6% efficiency, and

53 1012 units reproducibly yieldedmore than 90%efficiency (Fig-

ure 2E) and no GFP expression in pancreatic or tumor tissues.

Based on this titer study, we intravenously administered 5 3

1012 units of AAV8 encoding a TBG-regulatedmouseGcgr coding

sequence to seven aged tumor-bearing Gcgr knockout mice. We

sampled blood plasma before treatment, 2 weeks after adminis-

tration, 4 weeks after administration, and 6 weeks after adminis-

tration and then evaluated total amino acid concentration by

mass spectrometry. This time series revealed that, although

amino acids remained consistently high for control knockout

mice, re-expression of Gcgr quickly normalized amino acid con-

centrations, and all sevenmice showedblood amino acid concen-

trations in a physiological range comparable with aged heterozy-
4 Cell Reports Medicine 1, 100058, August 25, 2020
gous mice (Figure 2F). Simultaneously, we monitored tumor

volumes in these mice using live pancreatic ultrasound twice per

week for 6 weeks (Figure 2G). Remarkably, restoration of physio-

logical amino acid levels in the blood was associated with signif-

icantly reduced tumor volumes in all mice and with complete re-

sponses in four of seven mice. Further immunohistochemical

analysis of pancreatic tumor tissues from these mice showed

attenuated islet hyperplasia, loss of SLC38A5 expression among

alpha cells localized to islets, and general loss of SLC38A5 and

MKI67 expression within the remaining tumors (Figure 2H).

DysregulatedmTORSignaling Promotes LowMutational
Burden Tumor Progression
The significant reduction in pancreatic tumor volumes follow-

ing liver-specific, AAV8-mediated Gcgr expression in aged
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Figure 3. Alpha Cell-Derived PNETs Are mTOR Dependent but Generally Harbor a Low Exomic Mutational Burden

(A) Analysis of exome sequencing data generated from 11 pancreatic tumors isolated from six independent mice. Bar length represents the total number of

protein-altering mutations per tumor, accompanied by mutation state and copy number, represented by circle size, for specific genes of interest. The rightmost

network plot shows mutations shared across tumors, with node size representing the relative number of mutations.

(B) Quantification of relative alpha cell area in wild-typemice treatedwith anti-GCGR antibody and homozygousGcgr knockout mice treatedwith rapamycin. Five

biological replicates per condition at each time point.

(C) Ultrasound quantification of tumor volume over time in aged homozygous Gcgr knockout mice treated with vehicle or rapamycin. Relative volume change is

shown as a percentage of the starting tumor volume.

(D) Cleaved caspase-3 staining of tumor tissues isolated from Gcgr knockout mice treated with vehicle or rapamycin. Scale bars, 25 mm.
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knockout mice suggests that dysregulated mTOR signaling

might be the primary driver of tumor progression because of

responsiveness to re-regulation of plasma amino acids. To test

this hypothesis, we first evaluated the genomic mutation burden

in 11 tumors by exome sequencing (Figure 3A). Although tumors

from one mouse exhibited a significant number of mutations,

including Pten loss, the remaining mice showed relatively few

protein-coding mutations. Further, the few identified mutations

in these tumors were found in genes without a clear role in

growth regulation and did not disrupt genes in common between

mice or even tumors from the samemouse (Figure 3A). The over-

all pattern of mutation and the lack of obvious driver mutations

suggests that acquired mutations or loss of oncogenic repres-

sors are not likely to drive tumor initiation in these mice.

We next treatedmice with rapamycin to understand the role of

mTOR signaling throughout mouse islet development, alpha cell
hyperplasia, and tumor onset. First, wild-type mice were treated

with an anti-GCGR antibody or anti-GCGR antibody and rapa-

mycin for 21 days (Figure 3B). Rapamycin treatment clearly

blunted the expansion of alpha cell area in antibody-treated

mice; however, it did not have a substantial effect on alpha cell

mass in Gcgr knockout mice from early development through

mid-life (Figure 3B). Interestingly, rapamycin did significantly

affect alpha cell dysplasia in 12-month-old mice. Because this

initial time-course analysis used terminal quantification of alpha

cell area from fixed tissues and excluded gross PNETs to mini-

mize group variation, we performed live tumor volume quantifi-

cation by ultrasound concurrent with twice weekly rapamycin

dosing. This revealed that most large tumors showed a steep

initial response to rapamycin, followed by a slow continued

decrease in tumor volume (Figure 3C). Smaller tumors with vol-

umes of less than 50mm3, on the other hand, generally exhibited
Cell Reports Medicine 1, 100058, August 25, 2020 5



Figure 4. HumanGCGR-Mutant, AlphaCell-Derived PNETsDominantly Express the Amino Acid Transporter SLC7A8+ and Exhibit an Immune

Desert-like Phenotype

(A) Analysis of bulk RNA-seq data from two human tumor biopsies obtained from patients harboring premature stop codons ormissensemutations in bothGCGR

alleles. Scale bars, 5 mm.

(B) Reads per kilobase of transcript, per million mapped reads (RPKM) expression analysis and fold change for human solute carrier genes. Amino acid

transporters are highlighted by dashed boxes.

(C) Whole-slide SLC7A8 immunostaining of three GCGR mutant human tumor biopsies. Scale bars, 2.5 mm and 250 mm.

(D) Multiplexed digital spatial profiling of mTOR signaling-related and immune cell-related markers using two FFPE human tumor sections.

(E) Whole-slide CD3 immunostaining of mouse pancreas tissue harboring multiple tumors with an in-tissue pancreatic lymph node as a positive control. Scale

bars, 250 mm.
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a plateau in response by the third week of treatment. Tumor tis-

sues from these mice treated with rapamycin for 3 weeks were

stained for cleaved caspase 3, which confirmed increased intra-

tumoral cell death in treated versus untreated knockout mice

(Figure 3D).

Expression Analysis of Human Loss-of-Function GCGR
Tumors Identifies SLC7A8 and Lack of Immune
Infiltration
Alpha cell hyperplasia and pancreatic tumors have been identi-

fied in six human patients carryingGCGR loss-of-function muta-

tions.23–25,27 Tumors from three of these patients with hyperglu-

cagonemia were analyzed (patients 1–3).25 To understand

whether the molecular underpinnings of these cases parallel

mouse PNET progression, we performed bulk mRNA se-

quencing using formalin-fixed, paraffin-embedded (FFPE) tumor

specimens from two patients. This analysis identified significant

tumor-specific upregulation of GCG, CHGA, VGF, and other

anticipated alpha cell-expressed genes (Figure 4A). Although
6 Cell Reports Medicine 1, 100058, August 25, 2020
adult mouse and adult human pancreatic alpha cells do not

express Slc38a5 under normal physiological amino acid concen-

trations, we found that elevated plasma amino acid concentra-

tions induce Slc38a5 expression in tumor-initiating alpha cells.

Unlikemouse tumors, we did not identifySLC38A5 transcript up-

regulation or SLC38A5 expression by immunostaining. To deter-

mine whether a paralogous amino acid transporter might fulfill

the role of amino acid transport in human tumors, we plotted so-

lute carrier gene expression in these tumors and found upregu-

lation of four amino acid transporters: SLC38A4, SLC7A2,

SLC7A8, and SLC7A14 (Figure 4B). Immunostaining of tissue

sections from three tumors, including those used in RNA

sequencing (RNA-seq) analyses, revealed robust, tumor-spe-

cific, cell membrane-localized expression of the sodium-inde-

pendent amino acid transporter SLC7A8 in all three specimens

(Figure 4C). In contrast, we observed low signal intensity for

SLC38A4, SLC7A2, and SLC7A8 with no specific cellular locali-

zation or specificity to tumor cells. In agreement with recent

work,22 we observed modest SLC38A4 transcript upregulation
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(3.1-fold tumor 1, 1.6-fold tumor 2); however, we observed no

consequential protein expression in tumor cell membranes or ly-

sosomes (Figure S2A). Having demonstrated that mouse

SLC38A5-expressing tumor cells are the dominant proliferative

population, we next co-immunostained SLC7A8 and MKI67 in

each human specimen to evaluate whether SLC7A8-expressing

tumor cells are proliferative. As expected of indolent PNETs,

MKI67 expression was infrequent but could be robustly detected

in a small population of SLC7A8-expressing tumor cells

(Figure 4C).

PNETs are notoriously challenging to eradicate, and, after an

initial transient response to mTOR inhibition, tumors often prog-

ress in spite of continued therapy.26,29 To better understand

whether recent advances in immune-based therapies might be

applicable to this specific PNET subtype, we profiled the

immune infiltrate and mTOR pathway signatures in two human

tumors using Nanostring multiplexed digital spatial profiling (Fig-

ure 4D). As anticipated, glucagon and mTOR activity were de-

tected within tumor cell populations, whereas almost no immune

signature was detectable in either specimen. This suggests that

alpha cell-derived PNETs in GCGR loss-of-function patients are

unlikely to respond to immune-based therapies in the absence of

sensitization to an immune-mobilizing event. To confirm this

observation in our animal model, we immunostained for CD3 us-

ing pancreas tissue containing multiple tumors and pancreatic

lymph nodes as a positive control (Figure 4E). We similarly

observed minimal T cell infiltration, suggesting that Gcgr

knockout mice might serve as an interesting in vivo model

for follow-up low-mutational-burden, immune-excluded, and

immune-desert tumor studies.

DISCUSSION

In this work, we investigate the cell of origin and signaling path-

ways that drive initiation and progression of PNETs in Gcgr

knockout mice. Loss of hepatic GCGR results in disrupted

glucagon signaling13 and elevated free amino acids in circulating

blood. Recent work has demonstrated that some alpha cells in

young GCGR knockout mice express the amino acid transporter

SLC38A5,14,17 which has been observed previously only in the

embryonic pancreas.28 This prompted us to investigate the plas-

ticity of alpha cell gene expression in response to metabolic

changes in adult mice as well as determine whether alpha cell-

derived tumors might originate from embryonic precursor-like

alpha cells. Pancreatic islets of wild-type adult mice treated

with an anti-GCGR antibody for 3weeks, but not control animals,

contained alpha cells expressing SLC38A5, much like engi-

neered GCGR knockout animals. This revealed that adult alpha

cells retain transcriptional plasticity and, in response to meta-

bolic challenge, such as serum amino acid saturation, can tran-

sition to a proliferative mTOR-active state.

This plasticity encouraged a deeper sequencing-based study

of the relationship between SLC38A5-expressing cells from

young adult knockout mice and aged mice with SLC38A5-ex-

pressing tumor cells. Interestingly, these cells have very similar

transcriptional profiles with markedly higher proliferation signa-

tures in the tumor population. Here we implicate alpha cell plas-

ticity in tumor initiation and show that constitutive activation of an
amino acid-responsive pathway in an alpha cell subpopulation

drives tumor progression.

Extensive genomic characterization of PNETs with an alpha

cell signature identified ATRX, DAXX, and MEN1 mutations as

causative drivers of tumorigenesis as well as enhancer activation

driving the lineage-restricted transcription factors ARX and

PDX1;30,31 however, PNETs originating specifically from Gcgr

knockout mice generally show few exonic mutations, indicating

that signaling-driven mechanisms are likely responsible for

tumor growth. Further, support for this concept came from

RNA-seq profiling and tumor response studies following ad-

eno-associated virus (AAV)-mediated hepatic expression of

Gcgr in knockout mice and rapamycin treatment of tumor-

bearing mice. In both studies, tumor volume significantly

decreased following treatment, indicating that tumor progres-

sion is strictly reliant on continued supply of serum amino acids

and mTOR activity. In agreement with prior work, it has been

shown that loss of mTORC1 signaling alters adult pancreatic

alpha cell mass13 and that everolimus, an mTOR inhibitor, is

effective for treatment of advanced PNETss.26

Building on results from our mouse model studies, we

analyzed resected human tumor biopsies from Gcgr-mutant pa-

tients by Nanostring digital spatial profiling. These tumors exhibit

an alpha cell character, elevatedmTOR signaling, and lack of im-

mune infiltration similar to mouse tumors. Interestingly, human

tumors do not express SLC38A5 and, instead, strongly express

the amino acid transporter SLC7A8, a sodium-independent

neutral amino acid transporter that is upregulated in tumors of

diverse origin.32 Recent studies have identified transcription ev-

idence of expression of SLC38A4 in these tumors;22 however,

we have been unable to verify protein expression by immuno-

staining. Much like the amino acid transporters SLC1A5,

SLC7A5, and SLC7A11, which are upregulated in numerous can-

cer types, SLC7A8 represents an interesting target for modu-

lating tumor cell metabolism.33

Collectively, this work represents a significant advance in our

understanding of the origin of alpha cell-derived PNETs and de-

fines signaling pathways that can potentially be targeted to pre-

vent disease progression.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

A9 anti-GCGR Genentech A9

3C7v44 anti-GCGR Genentech mAb7

Guinea Pig anti-insulin Abcam Cat#:AB7842

Human anti-GP120 Genentech GP120

Mouse anti-glucagon Sigma Aldrich Cat#:G2654

Rabbit anti-CD3 ThermoFisher Cat#:RM9107S

Rabbit anti-GFP Abcam Cat#:AB183734

Rabbit anti-glucagon Abcam Cat#:AB92517

Rabbit anti-pS6 CST Cat#:5364S

Rabbit anti-SLC38A4 LifeSpan Biosciences Cat#:LS-C31936

Rabbit anti-SLC38A5 Abcam Cat#:AB72717

Rabbit anti-SLC7A8 Origene Cat#:UM500058

Rat anti-MKI67 Invitrogen Cat#:14-5698-82

Secondary Alexa 488, 555, 594, 647 labeled antibodies Invitrogen Multiple

Bacterial and Virus Strains

AAV8-GCGR Virovek N/A

AAV8-GFP Vector Biolabs Cat#:7061

Chemicals, Peptides, and Recombinant Proteins

Accumax Innovative Cell Technologies Cat#:AM105

Histopaque 1077 Sigma Aldrich Cat#:10771

Hoechst 33342 Life Technologies Cat#:H21492

Liberase TL Roche Cat#:5401020001

MACS Tumor Dissociation Kit Miltenyi Biotec Cat#:130-096-730

Rapamycin SelleckChem Cat#:S1039

Tamoxifen Sigma Aldrich Cat#:T5648

Deposited Data

Bulk RNA-seq This Paper GSE142232

Exome-seq This Paper GSE142231

Single Cell RNA-seq This Paper GSE142233

Experimental Models: Organisms/Strains

Mouse: Gcgr knockout Genentech N/A

Mouse: C57/BL6J Jackson Labs Cat#:000664
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrew

Peterson (andpete@gmail.com)

Materials Availability
This study did not generate new unique reagents that have not been previously published in scientific literature.

Data and Code Availability
All bulk RNA-seq (GSE142232), single cell RNA-seq (GSE142233), and exome-seq (GSE142231) datasets have beenmade available

under NCBI GEO series accession number GSE142234.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models
Animal husbandry and veterinary care was provided by the Department of Laboratory Animal Resources at Genentech. Experimental

procedures were reviewed and approved by Genentech’s Institutional Animal Care and Use Committee, South San Francisco,

CA USA.

Adult mice with equal numbers of male and female mice were used in all studies. In the case of transgenic reporter labeling of alpha

cells, animals from 1week to 3 weeks of age were used in some experiments. The animals ranged in age from 1week to 18months of

age with the specific ranges of the animals used for each experimental approach described in the section on experimental details

below. The number of mice used for each experiment was based on prior characterization of the mice as previously described.13.

Gcgr knockout and transgenic reporter (GcgCreERT2;tdTomato)mice were generated as previously described.13 Gcgr knockout

experimental cohorts were generated from heterozygous breeding pairs. C57BL/6J mice were from The Jackson Laboratory. Ani-

mals were maintained in a pathogen-free animal facility under 12hr light/12hr dark cycle with access to a standard rodent chow

and water ad libitum.

Human Subjects
Individuals homozygous for germ-line loss of function mutations in the GCGR gene were ascertained at the University of T€ubingen

Hospital following presentation with glucacgonomas as previously described.25 Informed consent for the donation of tumor tissue

and its use in research were reviewed and approved by the Institutional Review Board for Human Subjects at the University of

T€ubingen Hospital, T€ubingenGermany. The tumormaterial was obtained during tumor re-section for medical reasons and our studies

did not involve treatment of the patients. Material from 3 donors was used: Male, Age 25; Female, Age 43; Male, Age 58.

METHOD DETAILS

Mouse Model Experimental Details
The induction of GcgCreERT2;tdTomato transgenic alleles was performed using tamoxifen (Sigma Aldrich, #T5648) in corn oil

(40 mg/ml) administered at 200 mg/kg every day for 5 to 7 days by intraperitoneal (IP) injection into animals ranging from 1 week

to 12 months of age. Both anti-GCGR antibodies (Genentech) and GP120 control antibody (Genentech) were administered by IP in-

jection at 10mg/kg either once (2-day time point) or once every seven days for three weeks (21-day time point) into animals from

2months to 1 year of age. Rapamycin was administered by IP injection at 10 mg/kg from 3 weeks to 18 months of age; twice weekly

for tumor volume quantification by ultrasound, once every seven days for three weeks for anti-GCGR experiments, and once every

four days for 12 total days forGcgr knockout time course analysis. AAV8 expressing eithermouseGCGRorGFPwas administered by

intravenous tail vein injection into mice from 12 to 18 months of age at titers specified in Figure 2. For tumor volume quantification,

micewere anesthetizedwith sevofluorane and abdominal imaging performedwith Vevo2100 (Visual Sonics). Tumor volumes at base-

line were assessed and animals were assigned to groups to provide a similar distribution of tumor volumes in both treatment and

cantrol groups.

Plasma Amino Acid Concentration Analysis
Bloodwas collected at specified time points by retroorbital bleed or terminal cardiac puncture. EDTA plasma samples were analyzed

by mass spectrometry (UC Davis West Coast Metabolomics Center) as previously described.13

Immunohistology and Islet Cell Area Quantification
Immunostaining was performed on 5- to 7-mm formalin-fixed, paraffin- embedded (FFPE) mouse tissue sections using citrate-buff-

ered boiling epitope retrieval. The following antibodies were used: guinea pig anti-Insulin (Abcam, AB7842), mouse anti-Glucagon

(Sigma-Aldrich, G2654), rabbit anti-CD3 (ThermoFisher, RM9107S), rabbit anti-GFP (Abcam, AB183734), rabbit anti-Glucagon

(Abcam, AB92517), rabbit anti-pS6 (Cell Signaling Technology, 5364S), rabbit anti-SLC38A4 (LifeSpan Biosciences, LS-C31936),

rabbit anti-SLC38A5 (Abcam, AB72717), rabbit anti-SLC7A8 (Origene, UM500058), rat anti-MKI67 (Invitrogen, 14-5698-82), and

appropriate Alexa Fluor 488-, 555-, 594-, or 647-labeled secondary antibodies (Invitrogen). Nuclei were stained with Hoechst

33342 (Life Technologies, #H21492). Immunofluorescence was quantified from images of pancreatic sections using MATLAB soft-

ware (version R2012b, Mathworks).

RNA Sequencing: Islet Cells
Single islet cells were obtained by euthanizing mice, inserting a needle along the bile duct, and inflating the pancreas with ice-cold

Liberase TL (Roche, 5401020001). The pancreas tissue was removed by dissection, placed in 5mL DMEM-Liberase TL solution, and

incubated for 10 minutes at 37�C. Following incubation, tissue was dissociated by 10 repetitions of gentle shaking and addition of

20 mL of quench buffer (25 mM HEPES pH 7.2, 1.8 mM CaCl2, 10% fetal bovine serum) followed by gentle trituration and incubation

at room temperature for 10 minutes. Once the dissociated tissues were settled, 10 mL Histopaque 1077 (Sigma Aldrich, 10771) was

added to the bottom of the conical tube followed by centrifugation to trap islets at the medium-Histopaque interface. Islets at the
Cell Reports Medicine 1, 100058, August 25, 2020 e2
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interface were collected by pipet, transferred to a clean tube, and pelleted by centrifugation. Pelleted islets were dissociated into

single cells by incubation with Accumax (Innovative Cell Technologies, AM105) for 15 minutes at room temperature and clarified

by passing through a sterile filter cap tube. For single cell studies, unsorted single islet cells were prepared with Chromium Single

Cell 30 Library andGel Bead Kit V2 (10XGenomics). The cell density and viability were quantified using a Vi-Cell XR cell counter (Beck-

man Coulter) with all processed samples have > 95% viability. Cell density was used to calculate the volume of single cell suspension

needed in the reverse transcription master mix for library generation (target 6,000 cells, 10X Genomics). Libraries were profiled by

Bioanalyzer High Sensitivity DNAKit (Agilent Technologies) and quantified using a Kapa Library Quantification Kit (Kapa Biosystems).

Each library was sequenced using one HiSeq4000 lane (Illumina) following 10X Genomics recommendations. Data analysis was per-

formed using Partek and pancreatic islet cell types were initially classified based on established hallmark gene expression such as

glucagon and insulin.

RNA Sequencing: Bulk Alpha Cells and Tumors
Islets were isolated as described above and single cells were tdTomato-fluorescence sorted, bulk RNA isolated with Trizol, and pu-

rified. Libraries were prepared using a TruSeq RNA Sample Preparation kit (Illumina). The libraries were multiplexed and sequenced

on Illumina HiSeq 2500 and HiSeq 4000 (1x50bp). Reads were aligned to the human genome (GRCm38) using GSNAP. Expression

counts per gene were obtained by counting the number of reads aligned concordantly within a pair and uniquely to each gene locus

as defined by NCBI and Ensembl gene annotations and RefSeq mRNA sequences. Differential gene expression analysis was per-

formed using edgeR and DESeq2 was used to compute the variance stabilized expression values. For tumor studies, gross pancre-

atic tumors were hand dissected, cleaned of surrounding non-tumor tissues in PBS, and dissociated using the MACS Tumor

Dissociation Kit (Miltenyi Biotec, 130-096-730) with program 37C_m_TDK_1. Strained cells were treated with red blood cell lysis so-

lution (Miltenyi Biotec, 130-094-183) then subjected to library preparation, sequencing, and data analysis as described above.

RNA Sequencing: FFPE Tumor Tissue
Human FFPE-tumor tissue samples were obtained from a study approved by the Ethics Committees of the Universities of Kiel and

T€ubingen where all living patients and healthy relatives (1-3) gave an informed consent. Total RNA was extracted from FFPE slides

using QIAGENRNeasy FFPE kit (QIAGEN). RNAwas quantified usingQubit 2.0 Fluorometer RNA assay (Invitrogen) and RNA integrity

was checked with Agilent 4200 TapeStation (Agilent Technologies). Ribosomal RNAwas depleted using Ribo-Zero Gold Kit (Human/

Mouse/Rat probe) (Illumina). Multiplexed RNA libraries were prepared NEBNext Ultra RNA Library Prep Kit (Illumina), clustered on

three flow cell lanes, and sequenced on an Illumina HiSeq instrument (2x150 paired end configuration). Sequence reads were

trimmed to remove adaptor sequences and nucleotides with poor quality using Trimmomatic v.0.36. The trimmed reads were map-

ped to the Homo sapiens GRCh38.87 reference genome available on ENSEMBL using the STAR aligner v.2.5.2b. Unique gene hit

counts were calculated using feature counts from the Subread package v.1.5.2. The gene hit counts table was used for downstream

differential expression analysis using edgeR. The QL F-test was used for dispersion estimation and hypothesis testing to generate p

values and log2 fold changes. Genes with adjusted p values less than 0.05 and absolute log2 fold changes greater than 1 were called

as differentially expressed genes for each comparison.

Exome Sequencing
Gross pancreatic tumorswere hand dissected and cleaned of surrounding non-tumor tissues in PBSwhile control tissuewas isolated

from non-tumor regions of the same mouse. Tissues were disaggregated as described above and exome capture was performed

using the Agilent SureSelect Mouse All Exome kit. Exome capture libraries were sequenced on HiSeq 2500 (Illumina) to generate

23 75 bp paired-end data. Sequencing reads were mapped to UCSCmouse genome (GRCm38) using BWA software set to default

parameters. Local realignment, duplicate marking, and raw variant calling were performed according to GATK best practices.

Somatic variant calling on tumor and its matched normal BAM file was performed using Strelka.

Nanostring Digital Spatial Profiling
An automated setup capable of imaging and sample collection was developed by modifying a standard microscope. For protein

detection, a multiplexed cocktail of primary antibodies, each with a unique, UV photocleavable indexing oligo, and three fluorescent

antibody markers was applied to a slide-mounted FFPE tissue section. The tissue slide was placed on the stage of an inverted

microscope. A custom gasket was then clamped onto the slide, allowing the tissue to be submerged in 1.5 mL of buffer solution.

The microcapillary tip is connected to a syringe pump primed with buffer solution, allowing for accurate aspiration of small volumes

(< 2.5 mL). Under the microscope, wide field fluorescence imaging was performed with epi-illumination from visible LED light engine.

The tissue area of interest was then located using fluorescence imaging with a CMOS camera and 20x images (650mmx 650mm)were

stitched together to yield a high-resolution image of the tissue area of interest. The regions of interest (ROIs) were then selected based

on the fluorescence information and sequentially processed by themicroscope automation. The steps performed for each ROI by the

microscope automation were as follows. First, the microcapillary tip was washed by dispensing clean buffer out the capillary and into

a wash station. Next, the tissue slide was bulk washed by exchanging the buffer solution on the slide via the inlet and outlet wash

ports on the gasket clamp. The microcapillary tip was then moved into position directly over the ROI with a distance of 50 mm

from the tissue. The local region of tissue around the ROI waswashed by dispensing 100 mL of buffer solution from themicrocapillary.
e3 Cell Reports Medicine 1, 100058, August 25, 2020
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The area of tissue within the ROI was selectively illuminated with UV light to release the indexing oligos. UV LED light was collimated

to be reflected from the DMD surface into the microscope objective, and focused at the sample tissue. Each micromirror unit in the

DMD corresponds to �1mm2 area of sample and reflects the UV light in controlled pattern based on the ROI selection in the image.

Following each UV illumination cycle, the eluent was collected from the local region viamicrocapillary aspiration and transferred to an

individual well of amicrotiter plate. Once all ROIswere processed, indexing oligos were hybridized to NanoString optical barcodes for

ex situ digital counting and subsequently analyzed with an nCounter Analysis System.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using relevant DNA- or RNA-sequencing software for each experiment as described in Method

Details. Statistical significance for in vivo experiments was considered at a threshold of p < 0.05 by Student’s t test and experimental

data are presented as mean ± SEM. The replicate and statistical details of experiments can be found in figure legends.
Cell Reports Medicine 1, 100058, August 25, 2020 e4


	Elevated Serum Amino Acids Induce a Subpopulation of Alpha Cells to Initiate Pancreatic Neuroendocrine Tumor Formation
	Introduction
	Results
	An Inducible SLC38A5+ Alpha Cell Subpopulation Drives PNET Initiation
	Proliferation Signature in SLC38A5+ Tumor Cells Is Amino Acid Dependent
	Dysregulated mTOR Signaling Promotes Low Mutational Burden Tumor Progression
	Expression Analysis of Human Loss-of-Function GCGR Tumors Identifies SLC7A8 and Lack of Immune Infiltration

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declarations of Interest
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Mouse Models
	Human Subjects

	Method Details
	Mouse Model Experimental Details
	Plasma Amino Acid Concentration Analysis
	Immunohistology and Islet Cell Area Quantification
	RNA Sequencing: Islet Cells
	RNA Sequencing: Bulk Alpha Cells and Tumors
	RNA Sequencing: FFPE Tumor Tissue
	Exome Sequencing
	Nanostring Digital Spatial Profiling

	Quantification and Statistical Analysis



