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Abstract
The G-protein-coupled receptor, endothelin receptor B (EDNRB), is an important
regulator of melanocyte survival and proliferation. It acts by stimulating downstream
heterotrimeric G proteins, such as Gαq and Gα1. Constitutively active, oncogenic versions of Gαq and Gα11 drive melanomagenesis, but the role of Ednrb in the context of
these mutant G proteins has not been previously examined. In this paper, we used a
knock-in mouse allele at the Rosa26 locus to force oncogenic GNAQQ209L expression
in melanocytes in combination with Ednrb gene knockout. The resulting pathological
analysis revealed that every aspect of melanomagenesis driven by GNAQQ209L was
inhibited. We conclude that even in the presence of oncogenic Gαq, the Ednrb receptor activates normal Gαq and Gα11 proteins. This likely promotes tumorigenesis by
activating phospholipase C-beta, the immediate effector of Gαq/11. These findings
suggest that it might be possible to target upstream receptors to offset the effects
of hyperactive G proteins, recognized as the cause of a growing number of human
disorders.
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1 | I NTRO D U C TI O N

on 3p21 (Harbour et al., 2010; Martin et al., 2013; Van Raamsdonk
et al., 2009, 2010).

Melanocytic lesions that bear gain-of-function mutations in het-

Heterotrimeric Gα subunits such as GNAQ (Gαq) and GNA11

erotrimeric Gαq/11 subunits include blue nevi, leptomeningeal

(Gα11) switch between an active and inactive conformation through

melanocytomas, and uveal melanomas (Griewank et al., 2017;

the binding and hydrolysis of GTP (Markby, Onrust, & Bourne, 1993).

Kusters-Vandevelde et al., 2009; Murali, Wiesner, Rosenblum, &

The oncogenic forms of Gαq and Gα11 substitute either the Q209

Bastian, 2012; Van Raamsdonk et al., 2009). Of these, the most

or R183 residues, which are responsible for stabilizing the gamma

dangerous is uveal melanoma. The most common cancer of the eye,

phosphate of GTP for hydrolysis (Sondek, Lambright, Noel, Hamm,

uveal melanoma arises from melanocytes in the choroid, iris, or cili-

& Sigler, 1994). Thus, while the Q209 and R183 mutations reduce

ary body and progresses to a metastatic stage in about half of pa-

GTPase activity, they paradoxically cause hyperactive signaling.

tients (Amaro et al., 2017; Aronow, Topham, & Singh, 2018). While all

The oncogenic impact of G protein mutations was first appreci-

uveal melanoma subtypes activate Gαq/11 pathway signaling, mostly

ated in 1989 with the discovery of substitution mutants at Q227 in

through gain-of-function mutations in either GNAQ or GNA11,

GNAS in growth hormone-secreting human pituitary tumors (Landis

Class 1 subtypes 1 and 2 carry mutations in EIF1AX or SF3B1, re-

et al., 1989).

spectively, and Class 2 subtypes exhibit monosomy 3, frequently in

Normal heterotrimeric G proteins are triggered to release

combination with a small loss-of-function mutation in BAP1, located

GDP and bind GTP following the activation of an associated

© 2020 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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G-protein-coupled receptor (GPCR). One such GPCR, the endothelin receptor B (Ednrb), plays a critical role in melanocytes (reviewed
in Urtatiz & Van Raamsdonk, 2016). In mice, the germline deletion
of Ednrb causes an almost completely white coat, due to an early
loss of melanoblasts during development (Hosoda et al., 1994; Shin,
Levorse, Ingram, & Tilghman, 1999). EDNRB is also mutated in a subtype of Waardenburg syndrome, which is characterized by patches
of hypo-pigmented skin or hair (Edery et al., 1996). Conversely,
transgenic overexpression of the Ednrb ligand, endothelin 3 (Edn3),
in the mouse epidermis generates dermal hyper-pigmentation, which
appears identical to the effects of Gαq and Gα11 hyperactivation
V179M

via the Dark skin (Dsk) point mutations (Gnaq

Significance
Hyperactive G protein signaling underlies a number of different human disorders, including melanoma. The studies
in this paper show that the G-protein-coupled receptor,
endothelin receptor B, promotes melanoma tumorigenesis
driven by a constitutively active G protein. This suggests
that disorders caused by hyperactive G protein signaling
might be treated by inhibiting key upstream G-proteincoupled receptors.

I63V

, Gna11

, and

GnaqF335L) (Aoki, Yamada, Hara, & Kunisada, 2009; Fitch et al., 2003;
Garcia et al., 2008; Van Raamsdonk, Fitch, Fuchs, De Angelis, &
for maximum malignant transformation of a particular GNAQQ209L

Barsh, 2004).
Heterotrimeric G proteins and their GPCRs represent one of the

model can be determined during the course of the study by aging the

most common signaling platforms in mammalian cells. Their diversity

mice. Here, in the Mitf-cre/+; R26-fs-GNAQQ209L/+ genetic context,

is enhanced by the ability of many GPCRs to couple to several dif-

we deleted the Ednrb gene, in either the germline or conditionally

ferent types of Gα subunits (reviewed in Hermans, 2003). Numerous

in melanocytes, or inhibited Ednrb activity with the small molecule

studies indicate that Ednrb is also promiscuous. In reconstituted

inhibitor, A-192621, to determine whether there is any role for the

phospholipid vesicles and Chinese hamster ovary cells, Ednrb stim-

endothelin receptor alongside receptor independent GNAQQ209L .

ulated phospholipase C and inhibited adenylyl cyclase, through

Somewhat unexpectedly, we found that Ednrb signaling did contrib-

Gαq/11 and Gαi, respectively (Doi, Sugimoto, Arimoto, Hiroaki, &

ute to tumorigenesis in this context.

Fujiyoshi, 1999; Okamoto et al., 1997, 1998). Three different mutations (a C terminal truncation, EdnrbG57S, and EdnrbR319W ) were
found to impair Gαi signaling, but not Gαq/11 (Fuchs et al., 2001;

2 | M E TH O DS

tively impaired Gαq/11 signaling (Imamura, Arimoto, Fujiyoshi, &

2.1 | Mouse strains

Okamoto et al., 1997). In contrast, the EdnrbW276C mutation selec-

Doi, 2000). In human kidney 293 cells, EDN3 increased GTP binding of Gα13 (Kitamura et al., 1999). Finally, EDN3 treatment of a

All experiments were carried out under the approval of the Animal

human cutaneous melanoma cell line expressing EDNRB increased

Care Committee at the University of British Columbia. The Mitf-

inositol 1,4,5-triphosphate and intracytoplasmic calcium concentra-

cre (Tg(Mitf-cre)7114Gsb) (Alizadeh, Fitch, Niswender, Mcknight,

tions, implying Gαq/11 activation of phospholipase C (Kang, Kang, &

& Barsh, 2008; Tharmarajah et al., 2012), Rosa26-floxed stop-

Lee, 1998).
Since endothelin signaling activates Gαq/11 and is essential for

GNAQQ209L (Gt(ROSA)26Sor tm1(GNAQ*)Cvr) (Huang et al., 2015),
Ednrbflox (Ednrbtm1.1Nat) (Rattner, Yu, Williams, Smallwood, &

melanocyte development, we wondered whether the receptor has

Nathans, 2013) and EdnrbS-l (Deo, Huang, & Van Raamsdonk, 2013;

any role to play in the context of oncogenic GNAQQ209L signaling,

Hosoda et al., 1994) alleles have been previously described. Mitf-cre,

which is constitutively active and does not need a receptor. In our

Rosa26-fs-GNAQQ209L and EdnrbS-l mice were backcrossed to and

Q209L

in mice, we observed a

maintained on an inbred C3HeB/FeJ genetic background. Ednrbflox

range in the types of lesions produced and their level of malignancy.

mice were backcrossed to C3HeB/FeJ for four generations before

However, all lesions were restricted to the dermis, uveal tract, or me-

being used in this study.

previously published studies of GNAQ

ninges. We documented benign dermal hyperpigmentation (the Dsk
alleles) (Van Raamsdonk et al., 2004), nevi/melanocytomas that were
composed of abnormal melanocytes, yet remained diffuse and flat

2.2 | A-192621 treatment

(Huang, Urtatiz, & Van Raamsdonk, 2015; Urtatiz, Cook, Huang, Yeh,
& Van Raamsdonk, 2019), and malignant melanomas that rose verti-

A-192621 (Alomone Labs) was dissolved in DMSO, aliquoted, and

cally were composed of a dense concentration of hyper-pigmented

stored at −20. Just before use, it was diluted in 0.25 N sodium bi-

cells and grew in size (Huang et al., 2015; Urtatiz et al., 2019). These

carbonate and filter-sterilized. Mitf-cre/+; Rosa26-fs-GNAQQ209L/+

latter lesions caused a decline in mouse health, ulcerated if in the

mice on the inbred C3HeB/FeJ genetic background received a daily

dermis, spread into surrounding tissues, and sometimes formed large

intraperitoneal injection at a dose of 10 mg kg-1 day-1. The first in-

metastases in the lungs. It is not yet possible to determine the ma-

jection was given when the mice were 35 days old and continued

lignant potential of every flat lesion a priori, but the overall potential

for 5 weeks until euthanasia at 10 weeks. In addition, a C3HeB/FeJ
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pregnant female was treated with A-192621 as above, once per day
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2.5 | Quantification of brain and spine
meningeal lesions

on E9.5, E10.5, E11.5, and E12.5. The resulting litter of seven mice
was examined and photographed on P14.

To quantify the surface area of the brain or spine affected, a freehand region of interest was drawn using ImageJ, the image was split

2.3 | Genotyping

into red channels using the split channel function, and the threshold
function was used to set threshold limits. The measure function was
then used to compute the affected area. The image was scaled using

DNA from mice was extracted from ear notches using the DNeasy

a ruler, and pixels per cm were calculated.

Blood & Tissue Kit (Qiagen). DNA was amplified using PCR with
50 ng of genomic DNA, 0.25 mM each dNTP, 1 U Hotstar Taq
(Qiagen), 1X Hotstar Taq buffer, and 0.5 μM of each primer, in 25 μL

2.6 | Video-based quantification of mouse speed

total volume. The PCR consisted of 15 min at 94°C to activate TAQ,
followed by 40 cycles of 94°C (45 s), 57°C (45 s), and 72°C (1 min).

Individual 20-week-old mice were tagged with a small yellow

The primers used to identify individual transgenic alleles are pre-

sticker on the head and placed in an empty housing cage and al-

viously described (Deo et al., 2013; Huang et al., 2015; Rattner

lowed to move freely. The mice were recorded using a fixed cam-

et al., 2013). Primers for detecting Ednrb flox recombination are

era for 1.5 min. The average speed of the mice during the test was

described in Table S2.

determined using a modified Python script to track the movement
of the sticker and process the videos (https://www.pyimagesearch.

2.4 | Necroscopy and histology
At the experimental endpoint of 20 weeks or humane endpoint,

com/2015/09/14/ball-tracking-with-opencv/).

2.7 | Statistical analysis

mice were processed for necroscopy. The skin from the back was
removed, and the spine was photographed. Tail dermis and epider-

Statistical analyses were performed using Excel. The data were

mis were separated using incubation in 2M NaBr for 2 hr, fixed flat

analyzed using two-tailed Student's t test to assess significance of

in 10% formalin overnight, washed, and then stored in PBS. Once

difference between wild type, heterozygotes, and the homozygote

all skins were collected, they were group-photographed and ImageJ

control and mutant groups. Error bars in figures represent the stand-

image analysis and measurement software were used to calculate

ard error of the mean (SEM).

the average pixel intensity of each tail specimen. Eyes were fixed
in Davidson's fixative for 48 hr, with a fixative change after 24 hr.
Any tumors present and the lungs, brain, and a piece of tail were
collected and fixed in 10% formalin for 24 hr at room temperature.
These tissues were photographed and then stored in 70% ethanol,
followed by examination under microscopy for counting lung le-

3 | R E S U LT S
3.1 | Rosa26-GNAQQ209L is not sufficient to rescue
melanoblast development in EdnrbS-l/S-l mice

sions. Standard methods were used for tissue processing, paraffin
embedding, sectioning, and H&E staining. For IHC, 12-μm sections

To study the effects of Ednrb loss in the context of oncogenic

were first rehydrated into PBS. Antigen retrieval was performed by

GNAQQ209L signaling, we used the previously described, Mitf-cre/+;

incubating the slides in 0.6 L of 98°C citrate buffer pH 6.0 (Vector,

Rosa26-floxed stop-GNAQQ209L/+ ("R26-fs-GNAQQ209L") mouse model

H-3300) for 10 min, followed by removal from the heat source

(Huang et al., 2015). In this model, conditional GNAQQ209L expression

and cooling for 40 min at room temperature. Next, sections were

is induced in melanocytes using Mitf-cre. Mitf-cre is a 185-kb bacterial

washed and then placed in a solution of 10% H2O2 in 1× PBS, which

artificial chromosome (BAC) transgene with cre inserted into the first

was then heated to 60°C in an oven and held until all pigment was

exon of the melanocyte-specific transcript of the Microphthalmia-

removed (2.5–3 hr). Sections were washed again, blocked in 5%

associated transcription factor (Mitf) gene (Alizadeh et al., 2008; Deo,

normal serum in 1x PBS Triton 0.3% for 1 hr at room temperature

Huang, Fuchs, De Angelis, & Van Raamsdonk, 2012; Urtatiz, Samani,

and then incubated with either anti-Ki67 antibody (1:1,000, Abcam

Kopp, & Van Raamsdonk, 2017). In cells expressing cre, the stop cas-

ab15580) or anti-S100B antibody (1:1,000, Abcam ab52642) in

sette upstream of GNAQQ209L at the Rosa26 locus is deleted, allow-

blocking solution overnight at 4°C. Primary antibody was detected

ing human GNAQQ209L to be expressed. The mice develop extensive

using the Elite rabbit ABC kit for HRP (Vector, PK-6101) and DAB

blue nevus-like dermal skin hyper-pigmentation, leptomeningeal

with nickel (Vector, SK-4100) as directed. Sections were counter-

melanocytomas, and uveal melanomas within 12 weeks with 100%

stained with hematoxylin with a blueing step. Stained slides were

penetrance (Huang et al., 2015).

scanned for digital imaging (Panoramic 250 Flash III whole-slide
scanner, 3DHISTECH).

To study the role of Ednrb in this context, we first combined a
germline deletion of the Ednrb gene with R26-fs-GNAQQ209L. We

|
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used the classical EdnrbS-l allele, which is a 97.6-kb deletion spanning

the Rosa26 locus via Mitf-cre is not sufficient to replace Ednrb signal-

the entire Ednrb locus (Deo et al., 2013; Hosoda et al., 1994). The

ing during development.

EdnrbS-l, Mitf-cre, and Rosa26-fs-GNAQQ209L alleles were first crossed
to the inbred C3HeB/FeJ genetic background for more than 10 generations and then were used to intercross EdnrbS-l/+; Mitf-cre/+ and
S-l

Ednrb /+; Rosa26-fs-GNAQ

Q209L

/+ mice. The resulting progeny were

3.2 | Conditional Ednrb knockout inhibits
transformation of dermal melanocytes

euthanized on postnatal day (P)14, which was necessary to avoid
the death of the homozygous EdnrbS-l mice by megacolon, which is

We next studied the result of simultaneous Ednrb deletion and

caused by a lack of Ednrb in the enteric nervous system.

GNAQQ209L expression under the control of Mitf-cre. We obtained
S-l/S-l

Ednrbtm1.1Nat mice, which possess loxP sites flanking exon 2 of Ednrb

mice were almost completely unpigmented (Figure 1a). There were,

(hereafter referred to as Ednrbflox) and crossed them to the inbred

however, small areas of pigmented fur on the dorsum. The size of

C3HeB/FeJ genetic background for four generations before fur-

these spots was quantified (Figure 1b). Mice expressing oncogenic

ther use (Rattner et al., 2013). Mitf-cre/+; Ednrbflox/+ mice were in-

The coat and tail, foot, and ear skin of the resulting Ednrb

Q209L

exhibited a significant increase in the percentage of

tercrossed with Rosa26-fs-GNAQQ209L/+; Ednrbflox/+ mice and 107

the dorsal coat that was pigmented (12.4% versus 2.8%, Student's

progeny carrying the Mitf-cre transgene were recovered. The six

t test, p value = 9 × 10−5). In one Mitf-cre/+; Rosa26-fs-GNAQQ209L/+;

possible Mitf-cre carrying genotypes were obtained at expected

EdnrbS-l/S-l mouse, a pigmented spot lay over an ear, resulting in light

Mendelian frequencies (Table S1). The main experimental endpoint

pigmentation of the glabrous skin (Figure 1c). In the trunk of another

was 20 weeks of age, when 82% of Mitf-cre/+; R26-fs-GNAQQ209L/+;

GNAQ

Q209L

mouse, a pigmented

+/+ mice had developed severe hyperactivity and altered head

patch of trunk hair follicles (white arrow, Figure 1d) was associated

movements (previously described in Huang et al., 2015). Three of

with a group of extra-follicular melanocytes (black arrow, Figure 1d).

17 Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mice in this study were ei-

We conclude from this that the small fraction of melanoblasts that

ther found dead or reached humane endpoint due to weight loss

can survive embryogenesis in the absence of Ednrb proliferate more

before 20 weeks. A Kaplan–Meier survival curve is provided in

if they express GNAQQ209L . However, GNAQQ209L expressed from

Figure S1.

Mitf-cre/+; Rosa26-fs-GNAQ

/+; Ednrb

S-l/S-l

F I G U R E 1 Rosa26-GNAQQ209L is
not sufficient to rescue melanoblast
development in EdnrbS-l/S-l mice. (a)
Representative coat pigmentation
in EdnrbS-l/S-l mice of the indicated
genotypes at P14. Most of the skin
and coat was unpigmented in mice
conditionally expressing GNAQQ209L
in melanocytes from the Rosa26 locus.
There was, however, a significant increase
in the percentage of the body that was
pigmented. (b) Quantification of the
percentage of the dorsal trunk that was
pigmented in each indicated genotype.
(c) A pigmented spot that overlies the
ear is shown in a Mitf-cre/+; R26-fsGNAQQ209L/+; EdnrbS-l/S-l mouse at P14.
(d) View of the underside of the skin
beneath a pigmented coat spot on the
trunk. Normal pigmented hair follicles are
indicated with a white arrow. Abnormal
extra-follicular melanocytes are indicated
with a black arrow
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The conditional knockout approach represented a novel assessment of Ednrb function compared to the germline Ednrb

S-l

a number of reasons, such as differences in knockout timing, rela-

deletion.

tive efficiency, and target cell population. We did not pursue this

We found that in all of the conditional knockout mice, melanocytes

aspect of the mice. Instead, we studied the effects of Ednrb loss on

survived embryogenesis in sufficient numbers to generate a nor-

the GNAQQ209L driven phenotypes, beginning with the tail dermis,

mally pigmented coat at weaning age. Melanoblast development

which is a normal site for melanocytes in mice. The dermis of the six

could have proceeded more normally in the conditional knockout for

genotypes of mice in the study ranged from very pale to extremely

F I G U R E 2 Conditional Ednrb knockout inhibits melanocyte transformation in the dermis. (a) Representative whole mount dermal
sheets from mice of the indicated genotypes. (b) Higher magnification view showing that there is no visible pigmentation in the Mitf-cre/+;
+/+; Ednrbflox/flox dermal sheet. A few pigmented hairs that were not separated while splitting the epidermis and dermis are visible. (c)
Quantification of average pixel intensity of group photographed dermal sheets from mice of the indicated genotypes (relative units). n = 5
mice examined per genotype. (d) Representative whole mount epidermal sheets from mice of the indicated genotypes. Epidermal scales are
indicated with dashed ovals. Hyper-pigmented hair follicle bulbs, present in the mice expressing GNAQQ209L , are indicated with black arrows.
(e) H&E-stained sections of whole tails (top row), with higher magnification of affected or unaffected boxed areas (boxes a-d). Most of the
Mitf-cre/+; +/+; Ednrbflox/flox tail dermis is populated by spindle-shaped melanocytes (unaffected—box d). However, these cells are larger and
more numerous than melanocytes in Mitf-cre/+; +/+; +/+ dermis (normal control—box e). A nest of densely packed melanocytes in the Mitfcre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox dermis (affected - box b), similar to what is seen in the Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ dermis
(affected—box a) is shown. (f) Bleached tail sections of the indicated genotypes stained for the melanoma marker, S100B. The majority of
the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox is negative for S100B (unaffected—box g). A nest of S100B-positive cells is shown in box f.
Nerves and nerve bundles in the tail are also S100B-positive, as expected (enlarged in box h). Additional controls are shown on the left side.
Sections are counterstained with hematoxylin

JAIN et al.
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dark at 20 weeks of age (Figure 2A,C). We used both whole mount

pigmentation unchanged (Figure 2B,D). Thus, there is likely a re-

studies of split dermal and epidermal sheets and histological analysis

quirement for Ednrb signaling in the survival of postnatal dermal

of tail skin sections to determine the cause of the differences in der-

melanocytes. Inspection of dermal sheets showed that all mice

mal pigmentation appreciated at the whole mount level.

expressing oncogenic GNAQQ209L exhibited a hyper-pigmented

In the mice that did not express GNAQQ209L , Ednrb knockout

tail dermis (Figure 2A,C). Ednrb deficiency (either heterozygous

completely eliminated dermal pigmentation, but left epidermal

or homozygous) significantly decreased GNAQQ209L-driven dermal

F I G U R E 3 Conditional Ednrb knockout inhibits leptomeningeal melanocytomas. (a) Brains were classified into five categories depending
upon the percentage of the dorsal surface that was affected (from 1 to 5). Lesions in less severely affected brains were usually located in
the area between the cerebellum (CB) and the cerebral cortex, while in more severely affected brains, the pigmented lesions also spanned
the two cerebral cortex hemispheres (CH). (b) Percentage of mice in each cranial melanocytoma severity category at 20 weeks of age. All
Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox were in category 1 = least severe. (c) H&E-stained horizontal sections of brains at 20 weeks of
age of the indicated genotypes. Both Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ and Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox brains exhibited
lesions in the meninges (boxes c, f) and brain parenchyma (boxes a, d), but Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox brains were much less
severely affected. No pigmentation was observed in the Mitf-cre/+; +/+; +/+ control brain (box g). (d) Average speed of mice of the indicated
genotypes in the behavioral test (in relative units). The dashed red line represents the maximum speed measured in mice that did not express
GNAQQ209L . The majority of Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox mice were below this threshold, while the majority of Mitf-cre/+;
R26-fs-GNAQQ209L/+; +/+ mice were above. (e) Scatter plot showing the association between activity level during the behavioral test and the
percentage of the brain surface that was affected by melanocytomas. A percentage of 5% or more was associated with abnormal behavior,
which included hyperactivity, circling, and head tossing
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hyper-pigmentation in a quantitative fashion (Figure 2C). As pre-

and spine with 100% penetrance (Huang et al., 2015). We removed

viously described (Huang et al., 2015), the epidermal tail scales of

the brains of mice at 20 weeks of age and quantified the percent of

Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mice were hypo-pigmented. We

the dorsal surface that was affected in whole mount preparations

observed that Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox epider-

using ImageJ. We also examined cellular morphology in H&E-stained

mal scales had some restoration of pigmentation, appearing more

sections. We found no melanocytomas in the brains of the mice that

similar to scales in the Mitf-cre/+; +/+; +/+ controls (Figure 2D).

did not express GNAQQ209L (Figure S5). There were melanocyto-

We next examined H&E-stained sections of the tail (Figure 2E,

mas in all of the brains of mice expressing GNAQQ209L . These were

Figures S2 and S3). A combination of heavily pigmented cells that

grouped by severity (Figure 3A). We noticed that the melanocyto-

were either small or large, round, and cytoplasm-rich was observed

mas in the less severely affected brains were usually located in the

throughout much of the Mitf-cre/+; R26-fs-GNAQ

Q209L

/+; +/+ dermis

area between the cerebellum and the cerebral cortex, while in more

(Figure 2E, subpanel a). In contrast, the majority of pigmented cells in

severely affected brains, they were located more caudally and also

the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox dermis were smaller

spanned the two cerebral cortex hemispheres. This could suggest

and spindle shaped (Figure 2E, subpanel d), as in the Mitf-cre/+; +/+;

lesion spread along the sinuses.

+/+ controls (Figure 2E, subpanel e). Using ImageJ analysis, we found

We compared the brains of Mitf-cre/+; Rosa26-fs-GNAQQ209L/+

a reduction in the size and maximum pixel intensity of dark objects

mice carrying each of the three possible Ednrb genotypes and found

in Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox sections compared to

that Ednrbflox knockout greatly reduced the size and number of cra-

Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ sections (Figure S4). There were

nial melanocytomas visible in whole mounts (Figure 3B). On aver-

also fewer invasive pigmented cells spreading into the underlying

age, only 2% of the dorsal brain surface was affected in Mitf-cre/+;

muscle and surrounding blood vessels (Figure S3).

Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice at 20 weeks, compared

However, the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox dermis

to 20% in Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ mice (Student's t

was not completely normal. The pigmented cells were darker, more

test, p value = 6.2 × 10–5). In H&E-stained horizontal brain sections

numerous, and slightly larger in the Mitf-cre/+; R26-fs-GNAQ

Q209L

/+;

(Figure 3C), we observed heavily pigmented cells in the meningeal

Ednrbflox/flox dermis compared to the Mitf-cre/+; +/+; +/+ dermis, and

layer (Figure 3C, subpanel c) and in the parenchyma of Mitf-cre/+;

there were also some “nests” of heavily pigmented cells present in

Rosa26-fs-GNAQQ209L/+; +/+ brain (Figure 3C, subpanels a, b). In

the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox dermis, which in-

the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox brain, similar le-

cluded large, round, and cytoplasm-rich cells (Figure 2E, subpanel b).

sions were observed, but they were much smaller and less numer-

The H&E analysis relied solely on pigmentation to assess the ef-

ous (Figure 3C, subpanel f, d). Furthermore, we examined S100B

fect of Ednrb loss on GNAQQ209L driven phenotypes. To determine

and Ki67 expression in bleached brain sections by IHC. The brain

whether Ednrb loss reduces pigment production or the rate of cel-

is a normal site of S100B expression. The thickened and pigmented

lular transformation, we also bleached the tail sections to remove

meningeal areas of the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+

all melanin and then stained the sections with an S100B antibody.

brain were found to be S100B-positive and contained many Ki67-

S100B expression is commonly used to stage malignant melanoma,

positive cells (Figure S6). In comparison, most of the Mitf-cre/+;

establish prognosis, evaluate treatment success, and predict relapse

Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox brain showed no expansion of

(Harpio & Einarsson, 2004). S100B stained many fewer cells in the

the meningeal layer or Ki67-positivity. Lesions deeper in the brain

Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox dermis compared with

parenchyma in both genotypes contained a higher proportion of

the Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ dermis (Figure 2F). Areas of

cells with the large, round, and cytoplasm-rich morphology (Figure

S100B positivity in the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox

S7). Interestingly, only the edges of these lesions contained cells that

dermis overlapped with areas that contained the heavily pigmented

were Ki67-positive.

nests. Hence, we conclude that the effect of Ednrb loss is to reduce
GNAQ

Q209L

driven cellular transformation of dermal melanocytes.

GNAQQ209L expression induced by Mitf-cre causes abnormal
mouse behavior, including hyperactivity, circling, and head tossing
(Huang et al., 2015). To assess the impact of Ednrb knockout on ani-

3.3 | Conditional Ednrb knockout inhibits
leptomeningeal melanocytomas

mal behavior at 20 weeks, we videotaped each mouse after placing it
alone in a clean cage. 75% of the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+;
Ednrbflox/flox mice exhibited a normal activity level, compared to only
18% of Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ mice (Figure 3D). The

We next sought to determine the effects of conditional Ednrb knock-

average speed of the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox

out on the development of leptomeningeal melanocytomas in our

mice during the test was 25% slower than Mitf-cre/+; Rosa26-fs-

mouse model. Leptomeningeal melanocytomas carry frequent mu-

GNAQQ209L/+; +/+ mice (Student's t test, p value = .06). We also in-

tations in GNAQ and are thought to arise from melanocytes normally

vestigated whether there was a relationship between the percent

present in the meninges of the human and mouse central nervous

of the brain surface that was affected and activity level (Figure 3E).

system (Gudjohnsen et al., 2015; Kusters-Vandevelde et al., 2009).

Regardless of Ednrb genotype, 83% of mice with greater than 5% of

As previously described, the Mitf-cre; R26-fs-GNAQQ209L mouse

brain surface affected were hyperactive, while 80% of the mice with

model causes leptomeningeal melanocytomas in both the cranium

1%–5% of brain surface affected were normal. Interestingly, the only
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two Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/+ mice that had

tumorigenesis of leptomeningeal melanocytes along the entire

less than 5% of their brain surface affected both behaved normally in

CNS and reduced the impact of melanocytoma progression on neu-

the test. This correlation suggests that cranial melanocytomas cause

rological function.

abnormal behavior in the mice.
We also examined spinal melanocytomas by removing the trunk
skin and photographing the spine. We found a 50% reduction in
the area of the spine that was affected in Mitf-cre/+; Rosa26-fs-

3.4 | Conditional Ednrb knockout decreases uveal
melanoma tumor thickness

GNAQQ209L/+; Ednrbflox/flox mice compared to Mitf-cre/+; Rosa26fs-GNAQQ209L/+; +/+ mice (Student's t test, p value = 1.5 × 10–5)

To determine the effect of conditional Ednrb knockout on uveal mel-

(Figure 4a,b). There was a mild correlation between the severity of

anoma, we collected eyes during necroscopy at the 20 week time

brain and spine phenotypes in Mitf-cre/+; Rosa26-fs-GNAQQ209L/+;

point and sectioned them at the midline. As noted previously, the

+/+ mice (Figure 4c). This relationship was lost in Mitf-cre/+;

Mitf-cre transgene causes variably penetrant microphthalmia and

Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice. To conclude, condi-

anophthalmia, which we have found is less severe on a C3HeB/FeJ

tional Ednrb knockout decreased the ability of GNAQ

F I G U R E 4 Conditional Ednrb knockout
inhibits leptomeningeal melanocytomas
and uveal melanomas. (a) Spinal
melanocytomas in representative mice
of the indicated genotypes at 20 weeks
of age. (b) Quantification of the size of
the spinal melanocytomas. The spinal
melanocytomas were significantly smaller
in Mitf-cre/+; R26-fs-GNAQQ209L/+;
Ednrbflox/flox mice compared to Mitf-cre/+;
R26-fs-GNAQQ209L/+; +/+ mice. (c) A
positive relationship between the severity
of the spinal and cranial melanocytomas
was found in Mitf-cre/+; R26-fsGNAQQ209L/+; +/+ mice, but not in Mitfcre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox
mice. (d) H&E-stained sections of eyes
from mice of the indicated genotypes.
The width of the uveal tract or uveal
melanoma (in GNAQQ209L expressing
mice) at its widest point is given beneath
each section. (e) Unbleached H&E-stained
sections (left) and bleached hematoxylinstained sections (right) of uveal melanoma
in mice of the indicated genotypes. Uveal
melanomas are composed of a complex
mixture of large, round, cytoplasm richcells with smaller cells

Q209L

to drive

genetic background (Alizadeh et al., 2008; Huang et al., 2015). In
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F I G U R E 5 Conditional Ednrb knockout
inhibits the formation of lung tumors.
(a) Whole mount images of lungs of the
indicated genotypes exhibiting small
and large tumors (black arrows). (b)
Quantification of the average number of
lung lesions per mouse at 20 weeks of age.
There were more tumors in Mitf-cre/+;
R26-fs-GNAQQ209L/+; +/+ lungs than Mitfcre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox
lungs. (c) H&E-stained sections of lungs
with tumors from representative mice of
the indicated genotypes. The lung tumors
were composed of groups of heavily
pigmented cells in spherical clusters.
(d) Bleached S100B and Ki67 antibodystained IHC sections from the lungs of
the indicated genotypes. The large, round,
cytoplasm-rich cells in the lung tumors do
not express S100B, compared to smaller
surrounding cells which show very strong
cytoplasmic expression. Numerous cells
in the lesions show nuclear Ki67 staining
(examples indicated with red arrows)

this study, all of the Mitf-cre mouse eyes were affected, likely due

12 weeks of age (Huang et al., 2015). These tumors are likely to be

to a greater percentage of C57 genetic background brought in by

metastases, because blood vessels in the lungs exhibited intrava-

the Ednrbflox strain, despite four backcrosses to C3H. In mice not ex-

sation by tumor cells (Huang et al., 2015) and there is no evidence

pressing GNAQQ209L , Ednrb loss had no effect on the uveal tract, as

to suggest that lungs are a normal site for melanocytes in mice. To

assessed by inspection of H&E-stained sections of eyes (Figure 4d).

determine the effect of conditional Ednrb knockout on the develop-

The maximum width of the thickest part of the uveal melanomas ob-

ment of lung tumors, we collected the lungs and counted the number

served in Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice was

of pigmented spots that could be seen under 40x magnification on

reduced compared to Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ mice.

all lobes at the 20 week time point (Figure 5a,b). We also sectioned

As in the other types of lesions, the uveal melanoma tumor histology

lungs for H&E analysis (Figure S8). As expected, there were no tu-

was mixed, with clusters of large, cytoplasm-rich, round cells inter-

mors in the lungs of mice that did not express GNAQQ209L , with or

spersed with smaller, elongated cells (Figure 4e).

without Ednrb knockout. However, conditional Ednrb knockout reduced the average number of lung tumors driven by GNAQQ209L by

3.5 | Conditional Ednrb knockout inhibits the
formation of lung tumors

75% (Student's t test, p value = .05) (Figure 5b).
With respect to histology, in both the Mitf-cre/+; Rosa26fs-GNAQQ209L/+;
Ednrb

flox/flox

+/+

and

Mitf-cre/+;

Rosa26-fs-GNAQQ209L/+;

mice, the lung tumors were composed of cells grouped

We previously reported that 96% of Mitf-cre/+; Rosa26-fs-

together in spherical clusters, with multiple round clusters making

GNAQQ209L/+ mice developed heavily pigmented lung tumors by

up a single lesion (Figure 5c). Similar to what was observed in the
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F I G U R E 6 Tumor phenotypes in aged Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox mice. (a) Whole mount brains from Mitf-cre/+; +/+;
+/+ and Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox mice aged to 51 or 49 weeks, respectively (top). H&E-stained horizontal sections
of brains (middle). The Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox brain exhibited a large melanocytoma in the brain parenchyma.
Enlargement of boxed areas is shown beneath. (b) There was a significant increase in the percentage of the brain surface that was affected
by melanocytomas in Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbflox/flox mice euthanized at 45–55 weeks old, compared to 20 weeks old. (c-top)
Unbleached H&E-stained section of a dermal melanoma removed at 49 weeks of age from a Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox
mouse. Enlargement 1 shows the localization of the tumor within the dermis, while enlargement 2 shows a boundary within the tumor
cluster. (c-middle) A double melanoma growing behind the ear of a 48-week-old mouse (left) and unbleached H&E-stained section of through
one of the melanomas (right). The enlargement shows invasion of the tumor cells into the surrounding muscle layer. (c-bottom) A large
ulcerated melanoma on the side of the head in a 55-week-old mouse (left) and unbleached H&E-stained section of the melanoma (right).
The enlargement shows the area of ulceration at higher resolution. (d-e) Bleached and S100B antibody (d) or Ki67 antibody (e) IHC-stained
sections of a meningeal melanoma from a Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mouse compared to a dermal melanoma from a Mitf-cre/+;
R26-fs-GNAQQ209L/+; Ednrbflox/flox mouse. The sections are counter stained with hematoxylin. The dermal melanoma is more strongly positive
for S100B than the meningeal melanoma; however, the reverse is true for Ki67. (f) Quantification of the percent of Ki67-positive nuclei in the
tumors shown in E

brain parenchyma, but more obvious, cells with the large, round,
cytoplasm-rich morphology were abundant in the lesions, but were

3.6 | Advanced tumorigenesis eventually bypasses
any requirement for Ednrb

S100B negative (Figure 5d). Instead, smaller cells in the lesion were
strongly S100B positive. Some small cells were also Ki67-positive in

We have found that endothelin signaling enhances tumorigene-

the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ and Mitf-cre/+; Rosa26-

sis in the GNAQQ209L mouse model. In every aspect of pathology,

lung lesions (Figure 5d). To summarize

GNAQQ209L driven phenotypes were muted when Ednrb was condi-

these findings, conditional Ednrb knockout reduced the incidence of

tionally knocked out in melanocytes. To study how long the inhib-

lung metastasis, but did not seem to alter the characteristics of es-

iting effect of conditional Ednrb knockout would persist, we aged

tablished lung lesions.

four of the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice past

fs-GNAQ

Q209L

/+; Ednrb

flox/flox
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the 20 week time point to their humane endpoint and also aged two
Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ mice for comparison. One of

3.7 | A192621 did not reduce GNAQQ209Ldriven phenotypes

the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ mice developed a large,
raised leptomeningeal melanoma on the spine that necessitated

To examine the effect of Ednrb inhibition after GNAQQ209L expres-

its euthanasia at 34 weeks (described in Figure S9). A GNAQQ209L

sion had already begun, we generated a cohort of Mitf-cre/+; Rosa26-

model that consistently drives this tumor type is described in Urtatiz

fs-GNAQQ209L/+ mice on the C3HeB/FeJ inbred genetic background

et al. (2019). The other Mitf-cre/+; Rosa26-fs-GNAQ

Q209L

/+; +/+

and treated them with A-192621 (Alomone Labs), an Ednrb-specific

mouse had no raised lesions that we could observe upon visual in-

small molecule inhibitor. At a dose of 10 mg kg-1 day-1, A-192621

spection, but it had begun to lose weight (9% at its last weighing) and

was previously shown to decrease tumor development in human

was found dead at 40 weeks of age.

cutaneous melanoma xenograft experiments (Bagnato et al., 2004;

Over time, the health of the four Mitf-cre/+; Rosa26-fs-

Cruz-Munoz et al., 2012). We provided the same dose by once daily

GNAQQ209L/+; Ednrbflox/flox mice also deteriorated. In a relatively con-

IP injection to three Mitf-cre/+; Rosa26-fs-GNAQQ209L/+ mice, while

sistent fashion, the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox

three controls were treated with vehicle only, and five additional

mice developed raised dermal melanomas between 45 and 55 weeks

control mice received no treatment. The first injection was given

of age, necessitating humane endpoint for maximum allowable tumor

when the mice were 35 days old and continued for 5 weeks. Upon

size. We collected tissues from the mice and examined the tail skin,

euthanasia at 10 weeks, we collected the eyes and brains, photo-

brain, spine, lungs, and melanoma phenotypes. We found that some

graphed the spines, and quantified the size of pigmented lesions.

tumorigenic phenotypes were more severe in the older Mitf-cre/+;

There was no difference between the three groups with respect to

Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice compared to the 20-week

any phenotype (Figure 7a-d and data not shown). Thus, this dosage

time point, but not all. For example, the histology of the tail skin

of A-192621 did not slow tumorigenesis in the GNAQQ209L mouse

appeared similar to the 20-week time point (Figure S11), as did the

model. It is possible that A-192621 may not be able to reverse a

size of the spinal melanocytomas (Figure S12). Skin phenotypes at

transformed state once it has been conferred or that we did not give

the mouse anterior became more severe over time (Figure S10) and

a high enough dosage of inhibitor.

all four Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice were

As a control for the latter possibility, we checked the effective-

hyperactive with head tossing at endpoint. There was a significant

ness of the inhibitor by giving it to a pregnant mouse by once daily

increase in the area of the brain surface affected by melanocytomas

intraperitoneal injection at a dose of 10 mg kg-1 day-1 on E9.5, E10.5,

in the older mice compared to the 20-week time point (Student's t

E11.5, and E12.5, when endothelin signaling is critical for melano-

test, p value = .03) (Figure 6b). Two of the mice also had an unusually

blast development. All resulting C3HeB/FeJ progeny were born

large number of lung lesions (n = 49 and 128 per mouse), but the

with localized areas of hypo-pigmentation, indicating that A-192621

other two were in the same range as the 20-week-old mice.

can inhibit Ednrb signaling, although it was much less effective than

We examined the histology of the dermal tumors in the Mitfcre/+; Rosa26-fs-GNAQ

Q209L

/+; Ednrb

flox/flox

mice. Two of the tumors

were lobular, with various tumor areas separated by bands of stroma

EdnrbS-l gene deletion (Figure 7e). Further tests need to be done to
find an A-192621 dose that blocks melanoblast development similar
to EdnrbS-l and then retest its effectiveness in GNAQQ209L mice.

or dermis (Figure 6c). The tumors exhibited malignant characteristics such as spread into the surrounding muscle layer and ulceration,
indicating that they should be classified as melanomas. Using IHC,

4 | D I S CU S S I O N

we examined the expression of S100B and Ki67 in the dermal melanomas and, for comparison, the spinal leptomeningeal melanoma in
the 34-week-old Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; +/+ mouse. As

Previous studies in normal melanocytes have shown that Gαq/11
signaling can be initiated by Ednrb and that endothelin signaling

in the lung lesions, it was the smaller cells in the tumors that were

regulates melanocyte survival, proliferation, and differentiation.

strongly S100B-positive (Figure 6d). The large, round, cytoplasm-rich

However, whether endothelin signaling plays a role in GNAQQ209L-

cells lacked S100B expression. It was also apparent that while there

driven oncogenesis has not been tested before and was interesting

were many Ki67-positive cells in the tumors, cells with the large,

to us because the GNAQQ209L protein is a constitutively active vari-

round morphology were less likely to express Ki67 (Figure 6e). The

ant that does not need a receptor. To address this, we made use of

percentage of Ki67-positive cells was higher in the meningeal mela-

a cre-loxP forced GNAQQ209L expression mouse model that develops

noma than in the dermal melanomas (Figure 6f), which is consistent

a spectrum of melanocytic lesions: blue nevus-like overgrowth in

with the earlier humane tumor endpoint of the meningeal melanoma.

the dermis, meningeal melanocytoma, uveal melanoma, and likely

We used DNA extracted from the dermal melanomas to assess

lung metastases (Huang et al., 2015). In this model, cre is expressed

the efficiency of Cre-mediated recombination of the loxP sites in

beginning during embryogenesis under the control of the Mitf-cre

the targeted Ednrb allele. We were unable to detect the intact flox

transgene and induces GNAQQ209L expression from the Rosa26 locus

allele in the tumors (Figure S13, Table S2). This confirmed that me-

(Alizadeh et al., 2008; Huang et al., 2015). Combined with Ednrb

lanocytes in the dermal melanomas eventually proceeded to an ad-

gene knockouts, we have found that endothelin signaling stimulates

vanced state of tumorigenesis without Ednrb.

oncogenesis in the context of constitutively active GNAQQ209L .
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F I G U R E 7 A-192621 inhibition of Ednrb in Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mice had no effect. (a) Eyes from mice treated with
A-192621 (left), vehicle only (middle), or no treatment (right), at 10 weeks of age. The average maximum thickness of the uveal melanoma is
shown below each box. (b) Quantification of the average size of spinal melanocytomas in A-192621 treated and untreated control mice. (c)
Cranial melanocytomas in A-192621-treated and untreated control mice. (d) Quantification of the percentage of the brain surface affected
by cranial melanocytomas in A-192621-treated and untreated control mice. (e) Hypo-pigmentation (black arrows) in a litter of mice treated
with 10 mg kg−1 day−1 of A-192621 during days E9.5–E12.5 of embryogenesis. Percentages of mice with each hypo-pigmentary phenotype
is shown underneath the example photos (n = 7). (f) Model for how Ednrb signaling promotes oncogenesis of non-epithelial melanocytes.
Ednrb stimulates the wildtype versions of Gαq and Gα11 in melanocytes. This activates of PLC-beta, the canonical downstream effector for
Gαq/11. When PLC-beta is stimulated by Gαq, Gα11, and GαQ209L
, the risk of transformation of non-epithelial melanocytes is high. By knocking
q
out the Ednrb receptor, PLC-beta is stimulated only by the receptor independent GNAQQ209L allele expressed from the Rosa26 locus, which
makes oncogenic transformation less likely
In the field of pigment cell biology, there has been a longstand-

of melanoma cells in culture and in xenografts (Bagnato et al., 2004;

ing interest in the role of EDNRB in cutaneous melanoma. This was

Lahav, Heffner, & Patterson, 1999; Lahav, Suva, Rimoldi, Patterson,

sparked by the initial finding that EDNBR expression was posi-

& Stamenkovic, 2004). Melanoma cells exhibited increased apop-

tively associated with cutaneous melanoma progression, as EDNRB

tosis and were less likely to metastasize to the CNS when treated

mRNA and protein levels were found to increase from common

with EDNRB inhibitors (Cruz-Munoz et al., 2012). The localization

nevi to dysplastic nevi and from primary melanoma to metastatic

of EDNRB on the cell surface was also leveraged to target an an-

melanoma (Demunter, De Wolf-Peeters, Degreef, Stas, & Van Den

tibody-drug conjugate to human melanoma cells, which was ef-

Oord, 2001). Stimulation of melanoma cells with endothelin li-

fective at inhibiting tumor growth in a xenograft model (Asundi

gand enhanced proliferation, adhesion, and MMP-dependent in-

et al., 2011). The dual EDNRA/ EDNRB antagonist, Bosentan,

vasion (Bagnato et al., 2004). Small molecule inhibitors of EDNRB,

caused apoptosis in melanoma cell lines (Berger, Bernasconi, &

A-192621 and BQ788, were shown to inhibit the growth and survival

Juillerat-Jeanneret, 2006). Because it was already approved for use
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in treating pulmonary hypertension, Bosentan was tested in phase

inhibiting effect, although not as great as homozygous Ednrb loss. At

II clinical trials. It failed to produce a robust response in cutaneous

20 weeks, the Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrbflox/flox mice

melanoma patients in the clinic, either alone or alongside dacar-

exhibited consistent evidence of reduced cellular transformation.

bazine (Kefford et al., 2007, 2010). Germline haploinsufficiency

There were fewer S100B-positive cells in the tail dermis. The thick-

for Ednrb accelerated tumorigenesis in the RET mouse melanoma

ness of the uveal melanomas in the eyes was reduced. A reduction in

model, possibly through changes in angiogenesis in the tumor mi-

cranial melanocytoma formation was associated with fewer behav-

croenvironment (Kumasaka et al., 2010). More recently, endothelin

ioral abnormalities in the mice. Spinal melanocytomas were smaller.

signaling was proposed to contribute to the acquired chemotherapy

There were fewer tumors established in the lungs. Ednrb knockout

resistance of cutaneous melanomas treated with MAPK inhibitors

did not completely block tumorigenesis, as Mitf-cre/+; Rosa26-fs-

(Smith et al., 2017). Conditional knockout of Ednrb in postnatal me-

GNAQQ209L/+; Ednrbflox/flox mice were not completely normal in any

lanocytes using Tyr-creER showed that Ednrb is required for the

respect. However, the loss of Ednrb in melanocytes significantly in-

maintenance of melanocyte stem cells in the hair follicles of adult

hibited the ability of GNAQQ209L to drive tumorigenesis. Therefore,

mice (Takeo et al., 2016). None of the above studies involved tumors

we conclude that endothelin signaling promotes oncogenesis even in

carrying GNAQ or GNA11 mutations, such as uveal melanoma or lep-

the context of constitutively active GNAQ.

tomeningeal melanocytoma. Intriguingly, reduced EDNRB expression

We think that the simplest explanation for this is that Ednrb

was correlated with a worse patient outcome in uveal melanoma by

stimulates the wildtype versions of Gαq and Gα11 in melanocytes.

two independent studies (Onken, Worley, Ehlers, & Harbour, 2004;

This would be expected to boost activation of PLC-beta, the canon-

Smith et al., 2002).

ical downstream effector of Gαq/11. PLC-B4 is activated by somatic

We had the opportunity to examine the role of Ednrb in the context of GNAQQ209L in vivo in our GNAQQ209L mutant mouse model.
We first tested a classical Ednrb allele, EdnrbS-l, in which the entire

mutation in the subset of rare uveal melanomas without GNAQ or
GNA11 mutations (Johansson et al., 2015). Furthermore, Gαq/11 signaling in melanocytes is known to be quantitative (Van Raamsdonk

gene locus is deleted (Deo et al., 2013; Hosoda et al., 1994). In this

et al., 2004). We suggest that in the situation of the Mitf-cre/+;

mutant, almost all melanocytes fail to survive development, produc-

Rosa26-fs-GNAQQ209L/+; +/+ mice, PLC-beta is stimulated by Gαq,

ing a nearly unpigmented mouse with a few pigmented spots on the

Gα11, and GαQ209L
, which produces a very high risk of transformaq

dorsal coat. It was previously shown that melanoblasts are lost in

tion of non-epithelial melanocytes (Figure 7f). By knocking out the

S-l

mutant mice before they express melanocyte specific mark-

Ednrb receptor, PLC-beta is only stimulated by GαQ209L
, which makes
q

ers (Pavan & Tilghman, 1994). Using a tetracycline-inducible system

transformation less likely. Differences in the amount of available en-

to generate strains of mice in which the endogenous Ednrb locus was

dothelin ligand in different microenvironments should also influence

under the control of the tetracycline-dependant transactivators, tTa

oncogenesis according to this model. Endothelial cells produce endo-

or rtTA, the requirement for Ednrb in coat pigmentation was pin-

thelins, and there are notable concentrations of melanocytes around

pointed to between embryonic days (E)10 and E12 (Shin et al., 1999).

and within blood vessels in the GNAQQ209L mice (Huang et al., 2015).

Ednrb

Q209L

expression induced by Mitf-cre was not

Interestingly, this phenotype was reduced in the Ednrbfl/fl mice (see

able to rescue the requirement for Ednrb in melanoblast survival

Figure S3). Another possibility, which we think is less likely, is that

during development. It is possible that the lack of Ednrb signaling

Ednrb signals through another class of G alpha subunits (e.g., Gαs or

blocked the expression of Mitf-cre so that melanoblasts never had a

Gαi) in non-epithelial melanocytes to stimulate oncogenesis.

We found that GNAQ

chance to express GNAQQ209L (Sato-Jin et al., 2008). The rare surviv-

We would also like to highlight several other interesting pigmen-

ing melanocytes in EdnrbS-l/S-l mice responded to GNAQQ209L expres-

tary related findings. First, we identified a requirement for Ednrb in

sion by increasing the area of the coat that was pigmented.

the support of normal melanocyte populations in the postnatal tail

We then knocked out Ednrb using an Ednrbflox allele. Conditional

dermis, as there were no pigmented cells detected in this location in

Ednrb knockout in melanocytes via Mitf-cre resulted in normal coat

Mitf-cre/+; +/+; Ednrbflox/flox mice, while the hair and epidermal scales

pigmentation at weaning age, indicating that melanoblast develop-

were pigmented normally. Second, we identified a pattern of dis-

ment had proceeded relatively normally. There may be non-cell-au-

tribution of cranial melanocytomas that suggested possible spread

tonomous roles for Ednrb in melanoblast survival, something which

through or along the brain sinuses. Third, we found that abnormal

was previously suggested by tissue recombination experiments

mouse behavior becomes much more likely when more than 5%

using neural crest cell cultures (Hou, Pavan, Shin, & Arnheiter, 2004).

of the dorsal brain surface is affected by melanocytomas, possibly

Alternatively, Mitf-cre might not be expressed strongly enough

representing a tipping point in neurological dysfunction. Finally, we

during the critical E10-E12 window to knockout Ednrb in a sufficient

observed a high percentage of large, round, heavily pigmented, and

number of melanoblasts to produce a coat color defect (Alizadeh

cytoplasm-rich cells in the tumors. These cells were largely S100B-

et al., 2008).

and Ki67-negative. We think that these cells might be either mela-

However, we focused on the post-natal oncogenic phenotypes. Deleting Ednrb in melanocytes at the same time as inducing

nophages or senescent melanoma cells. The nature of these cells
remains to be determined.

GNAQQ209L expression significantly inhibited oncogenesis. For some

Our studies have revealed a role for endothelin signaling in

phenotypes, heterozygous Ednrb knockout also had a significant

promoting tumorigenesis in the context of constitutively active

|
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GNAQ. They also show that it is possible for GNAQ Q209L expressing melanoma cells to be or become endothelin-independent. Small
molecule endothelin inhibitors may not be able to reverse or slow
tumor progression in GNAQ Q209L expressing mice if transformed
cells are already endothelin independent. Similarly, lower EDNRB
expression might be correlated with a worse outcome in human
uveal melanoma patients because later stage tumors no longer
need endothelin signaling and allow it to wane (Onken et al., 2004;
Smith et al., 2002). There is also another G protein coupled receptor, CYSLTR2, which is mutated in human uveal melanomas without
GNAQ, GNA11, or PLC-B4 mutations (Moore et al., 2016). This receptor could act alongside or instead of EDNRB to regulate PLCB4 activity.
In conclusion, we have identified endothelin signaling as an important regulator of tumorigenesis in non-epithelial melanomas. Our
studies show that endothelin signaling promotes non-epithelial melanoma tumorigenesis, even in the context of a system expressing a
constitutively active G protein. This finding suggests that it might be
possible to target upstream G protein coupled receptors to offset
hyperactive or constitutively active G protein signaling, recognized
as the cause of a growing number of human disorders.
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Supplementary Figure 1. Survival of mice to 20 weeks. Kaplan-Meier survival curve for mice in the study that
were aged to at least 20 weeks.

Supplementary Figure 2. Decreased tail pigmentation in Mitf-cre/+; +/+; Ednrb flox/flox dermis. Unbleached
H&E stained sections of tails from mice of the indicated genotypes at 20 weeks of age. Black arrows indicate
melanin containing cells in the dermis and epidermis. Red boxed areas are shown in the enlargements below. No
melanin containing cells were observed in the Mitf-cre/+; +/+; Ednrb flox/flox dermis.

Supplementary Figure 3. Conditional Ednrb knockout inhibits melanocyte transformation in the dermis.
Unbleached H&E stained sections of tails from mice of the indicated genotypes at 20 weeks of age. Black arrows
indicate melanin containing cells. Red boxed areas are shown in the enlargements below. The number of
melanocytes was reduced in the underlying muscle and around blood vessels in the Mitf-cre/+; R26-fsGNAQQ209L/+; Ednrb flox/flox tail compared to Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+.

Supplementary Figure 4. ImageJ analysis of average particle size and maximum pixel intensity of particles
(relative units), using a brightness of objects threshold setting of 0,98 to identify dark objects in H&E stained images
of tail dermis. The larger average particle size in the Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ dermis reflects more
densely packed and larger cells.

Supplementary Figure 5. Conditional Ednrb knockout inhibits cranial melanocytomas. Unbleached H&E
stained horizontal sections of brains from mice of the indicated genotypes at 20 weeks of age. Darkly pigmented
melanocytomas in the meninges and brain parenchyma are abundant in the Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+
and Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrb flox /+ brains, but not in the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrb
flox/flox

brain.

brain. Conditional Ednrb knockout without GNAQQ209L expression did not have any obvious impact on the

Supplementary Figure 6. Expression of S100B and Ki67 in cranial meninges. Bleached and IHC stained
horizontal sections of brains from mice of the indicated genotypes at 20 weeks of age. Mitf-cre/+; R26-fsGNAQQ209L/+; +/+ brain shows cytoplasmic S100B staining and nuclear Ki67 staining in affected, thickened
meninges (red dashed line). In contrast, the same area of the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrb flox/flox brain is
normal. Note: the brain is a known site of S100B expression.

Supplementary Figure 7. Expression of Ki67 in cranial melanocytomas in the cerebellar parenchyma.
Bleached and IHC stained horizontal sections of brains from mice of the indicated genotypes at 20 weeks of age. A
small lesion is present in the Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrb flox/flox cerebellum, compared to a much larger
lesion in the Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ cerebellum. Nuclear Ki67 staining marks proliferative cells,
which are small cells, mostly at the periphery of the lesions (red arrows). Yellow boxes are shown in the
enlargements below.

Supplementary Figure 8. Conditional Ednrb knockout inhibits the formation of lung lesions. Unbleached H&E
stained sections of lungs from mice of the indicated genotypes at 20 weeks of age. Enlargements of red boxes are
shown below.

Supplementary Figure 9. Aging to humane tumor endpoint in Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mice. Two
Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mice were aged past 20 weeks to humane endpoint. One was found dead at
40 weeks. The other reach humane endpoint for a meningeal melanoma at 34 weeks. (A) Gross morphology of the
meningeal melanoma. (B) A large lung tumor in the same mouse discovered during necroscopy. (C) Unbleached
H&E stained section (left) and bleached hematoxylin stained section (right) of the meningeal melanoma in A.

Supplementary Figure 10. Facial phenotypes in aged mice. Facial phenotypes of Mitf-cre/+; +/+; +/+, Mitfcre/+; R26-fs-GNAQQ209L/+; Ednrbfl/fl and Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+ mice at either 20 weeks (top) or
older endpoints (bottom). Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbfl/fl and Mitf-cre/+; R26-fs-GNAQQ209L/+; +/+
mice were euthanized at humane endpoint, while the Mitf-cre/+; +/+; +/+ mouse was euthanized at 51 weeks as a
control.

Supplementary Figure 11. Tail dermis phenotypes in aged mice. Unbleached H&E stained sections of tails from
mice of the indicated genotypes at older endpoints (various ages, indicated). Black boxed areas are shown in the
enlargements below. The dermis of either Mitf-cre/+; R26-fs-GNAQQ209L/+; Ednrbfl/fl or Mitf-cre/+; R26-fsGNAQQ209L/+; +/+ tail at humane endpoint did not appear significantly different than at the 20 week time point
(compare to Supplementary Figure 3).

Supplementary Figure 12. Spinal melanocytomas in mice aged past 20 weeks. (A) Spinal melanocytomas in the
mice aged to humane endpoint (45 to 55 weeks of age).(B) Quantification of the average size of spinal
melanocytomas at humane endpoint versus the 20 week time point. There was no significant difference, indicating
that there is likely little progress in the growth of these lesions during this time frame.

Supplementary Figure 13. Efficient recombination of the Ednrbflox allele in dermal melanomas. (Top) Using PCR assay 1
that flanks the 5' loxP site, a 390 bp PCR product was produced from Mitf-cre/+; Rosa26-fs-GNAQQ209L/+; Ednrb flox/flox ear
notch DNA, but very little of this product was produced in tumor DNA from the same mouse. The expected 330 bp product was
produced from +/+; +/+; +/+ control ear notch DNA. Amount of input genomic DNA was 15 ng or 7.5 ng. (Bottom) Using PCR
assay 2 that spans the deleted region in the recombined Ednrbflox allele, a 420 base pair product was produced from the Mitfcre/+; Rosa26-fs-GNAQQ209L/+; Ednrb flox/flox tumor DNA, and a faint signal from the ear notch DNA of the same mouse, but not
from +/+; +/+; +/+ ear notch DNA. The two assays reveal efficient recombination of the Ednrbflox alleles by Mitf-cre.

