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1  | INTRODUC TION

Melanocytes (pigment-producing cells) arise from one of two devel-
opmental pathways during embryogenesis. Along the dorso-lateral 
pathway, melanocytes are produced from neural crest cells at the 
dorsal neural tube and migrate immediately into the dermis. In the 
ventro-medial pathway, melanocytes differentiate from multipotent 
neural crest-derived cells associated with developing peripheral 
nerves. These cells are often referred to as Schwann cell precursors 
(SCPs), and they give rise to Schwann cells, but also parasympathetic 
neurons (Dyachuk et al., 2014), mesenchymal cells in the teeth (Kaukua 
et al., 2014), and chromaffin cells of the adrenal medulla (Furlan et al., 

2017). In mice, the Plp1-CreERT transgene has been essential for fate 
mapping this lineage (Leone et al., 2003). Plp1 encodes the proteolipid 
protein 1, which is required for nerve myelination by Schwann cells. 
Plp1 is expressed by multipotent neural crest cells, but then is down-
regulated in the cells that up-regulate melanocyte markers, such as 
Mitf and Dct (Adameyko et al., 2009, 2012). SCP- or "nerve-derived" 
melanocytes appear to make up at least half of melanocytes in adult 
hair follicles. A nerve-derived developmental pathway for pigment 
cells is conserved in birds (Nitzan, Pfaltzgraff, Labosky, & Kalcheim, 
2013) and fish (Budi, Patterson, & Parichy, 2011).

Melanocytes not only reside in the epithelium (e.g., the epidermis 
and hair follicles), but are also found internally in the dermis, eyes, 
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Abstract
Primary leptomeningeal melanocytic neoplasms represent a spectrum of rare tu-
mors originating from melanocytes of the leptomeninges, which are the inner two 
membranes that protect the central nervous system. Like other non-epithelial mel-
anocytic lesions, they bear frequent oncogenic mutations in the heterotrimeric G 
protein alpha subunits, GNAQ or GNA11. In this study, we used Plp1-creERT to force 
the expression of oncogenic GNAQQ209L in the multipotent neural crest cells of 
the ventro-medial developmental pathway, beginning prior to melanocyte cell dif-
ferentiation. We found that this produces leptomeningeal melanocytic neoplasms, 
including cranial melanocytomas, spinal melanocytomas, and spinal melanomas, in 
addition to blue nevus-like lesions in the dermis. GNAQQ209L drove different phe-
notypes depending upon when during embryogenesis (E9.5, E10.5, or E11.5) it was 
induced by tamoxifen and which Cre driver (Plp1-creERT, Tyr-creERT2, or Mitf-cre) was 
used. Given these differences, we propose that melanocytes go through temporary 
phases where they become sensitive to the oncogenic effects of GNAQQ209L. R26-
fs-GNAQQ209L; Plp1-creERT mice will be useful for defining biomarkers for potentially 
aggressive leptomeningeal melanocytomas and for developing new therapeutics for 
advanced disease.
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heart (Yajima & Larue, 2008), inner ears (Steel & Barkway, 1989), 
and meninges of the central nervous system (CNS) (Goldgeier, Klein, 
Klein-Angerer, Moellmann, & Nordlund, 1984; Gudjohnsen et al., 
2015), where they give rise to an oncogenically related set of pri-
mary melanocytic lesions. Molecularly, these neoplasias are char-
acterized by constitutively active mutations in the heterotrimeric 
G protein alpha subunits, GNAQ or GNA11 (Gαq or Gα11), which 
activate phospholipase C, MAP kinase signaling, and nuclear YAP 
protein localization (Kusters-Vandevelde, Engen-Van Grunsven, et 
al., 2015b; Van Raamsdonk et al., 2010, 2009). Mutually exclusive 
with GNAQ and GNA11 mutations, activating mutations in the G pro-
tein-coupled receptor, CYSLTR2, or PLC-B4 occur in around 3%–10% 
of non-epithelial melanocytic lesions (Moller et al., 2016; Moore et 
al., 2016; Van De Nes et al., 2017). Non-epithelial melanocytes are 
not well characterized. Whether they arise from the dorso-lateral 
and/or ventro-medial pathways during development has not been 
addressed. However, since the dorso-lateral pathway melanocytes 
enter a migratory stream close to the epidermis, ventro-medial me-
lanocytes might be more likely to populate the leptomeninges of the 
CNS and serve as the cell of origin for leptomeningeal melanocytic 
neoplasms.

Primary leptomeningeal melanocytic neoplasms are rare and 
categorized as either melanocytomas (low- and intermediate-grade 
tumors) or melanomas (high-grade tumors), although distinguishing 
between these two is sometimes difficult. The lesions are usually 
formed in a single mass, rather than presenting with a diffuse growth 
pattern. Leptomeningeal melanocytomas can present in the cranium 
or the spine, particularly in the cervical and thoracic spinal regions, 
the posterior cranial fossa, and Meckle's cave. This distribution 
might be related to the higher density of melanocytes in the ante-
rior part of the neuroaxis in humans (Kusters-Vandevelde, Kusters, 
et al., 2015a). Benign leptomeningeal melanocytomas usually occur 
in extramedullary locations, grow slowly, and present with symp-
toms of mass effect, leading to spinal cord compression and weak-
ness or numbness in the extremities (Eskandari & Schmidt, 2010). 
Histologically, they consist of variably pigmented, well-differenti-
ated melanocytes, showing little cytonuclear atypia and low prolif-
erative activity (Brat, Giannini, Scheithauer, & Burger, 1999). They 
are treated by surgical resection whenever possible. A fraction of le-
sions will reform after surgical removal and seed to new areas; thus, 
it is important to follow-up all cases closely (O'Brien et al., 2006).

Primary leptomeningeal melanomas present with acute or 
chronic symptoms, such as hydrocephalus, raised intracranial pres-
sure, seizures, depression, and psychosis when located in the cra-
nium and with symptoms of bladder and bowel dysfunction and 
sensory and motor deficits when located in the spine. Areas of high 
cellularity, necrosis, cellular atypia, and mitotic figures indicate ma-
lignancy. Although most cases of leptomeningeal melanoma occur 
in adults, infants and children are affected by a disorder called neu-
rocutaneous melanosis, a phakomatosis in which primary leptome-
ningeal melanomas are found in association with giant or multiple 
congenital melanocytic nevi (Makin et al., 1999). Around 80% of 

these cases carry a somatic NRASQ61K mutation (Kinsler et al., 2013). 
Disease progression can be very rapid (Allcutt et al., 1993).

Previously described NrasQ61K/Wnt, GNAQQ209L, and 
GNA11Q209L expressing mouse models that have targeted melano-
cytes produced diffuse leptomeningeal melanocytomas with low 
malignant potential (Huang, Urtatiz, & Raamsdonk, 2015; Moore et 
al., 2018; Pawlikowski et al., 2015). In this study, we used the Plp1-
creERT transgene to force the expression of oncogenic GNAQQ209L 
in the multipotent neural crest cells of the ventro-medial pathway, 
beginning prior to their differentiation into melanocytes, Schwann 
cells, or nerves. We found that this produces leptomeningeal mela-
nocytic neoplasms, including cranial melanocytomas, spinal melano-
cytomas, and spinal melanomas, along with blue nevus-like lesions 
in the dermis. In addition to providing the first mouse model for 
aggressive leptomeningeal neoplasias, this work suggests that there 
are short periods of sensitivity to oncogenic GNAQ during develop-
ment, which are revealed in the pattern of lesions along the anterior–
posterior neural axis.

2  | MATERIAL S AND METHODS

2.1 | Mouse strains

The research described in this article was conducted under the ap-
proval of the UBC Animal Care Committee. Plp1-creERT (Tg(Plp1-cre/
ERT)3Pop), Tyrosinase-creERT2 (Tg(Tyr-cre/ERT2)13Bos/J), Rosa26-
fs-GNAQQ209L (Gt(ROSA)26Sortm1(GNAQ*)Cvr), Rosa26-fs-tdTomato 
(Gt(ROSA)26Sortm14(CAG-tdTomato)Hze), and Dct-LacZ (Tg(Dct-LacZ)
A12Jkn) mice were genotyped as previously described (Bosenberg et 
al., 2006; Doerflinger, Macklin, & Popko, 2003; Huang et al., 2015; 
Mackenzie, Jordan, Budd, & Jackson, 1997; Madisen et al., 2010). 
Each allele was backcrossed to the C3HeB/FeJ genetic background 
for at least 6 generations before use. DNA from ear notches was iso-
lated using the DNeasy Blood and Tissue kit (Qiagen) and amplified 

Significance

Non-epithelial melanocytic lesions such as uveal mela-
noma and meningeal melanocytoma are characterized 
by frequent mutations in the heterotrimeric G proteins, 
GNAQ and GNA11. In this paper, the expression of the 
oncogenic version of GNAQ was directed to multipotent 
neural crest cells early during mouse development at one 
of three time points. The mice developed a range of me-
ningeal neoplasms, cranial and spinal, that span the known 
human spectrum. This study suggests that there are nar-
row windows of sensitivity to the oncogene during embry-
ogenesis that influence tumor location in the body and the 
potential for malignant progression.
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using PCR with HotStar Taq (Qiagen). DNA from embryonic mem-
branes was used to genotype embryos in fate mapping crosses.

2.2 | Timed mating and tamoxifen injection

Tamoxifen (Sigma T5648) was dissolved in a corn oil/ethanol (10:1) 
mixture at a concentration of 10 mg/ml by gentle inversion at 37°C 
for 30 min and then stored at 4°C for up to one week. Plp1-creERT/+; 
Rosa26-fs-tdTomato/+ males and Tyr-creERT2/+; Rosa26-fs-tdTomato/+ 
males were crossed to Rosa26-fs-GNAQQ209L/+ females in timed mat-
ings. Tamoxifen (dose = 1 mg in 0.1 ml) was injected intraperitoneally 
into the pregnant mother at one of three experimental time points 
(E9.5, E10.5, or E11.5) for Plp1-creERT crosses and at E11.5 for Tyr-
creERT2 crosses. Noon of the day the copulatory plug was found was 
counted as E0.5.

2.3 | Animal monitoring

Animals were monitored every other week to calculate a clinical 
health score (CHS), where 0 = normal, 1 = mildly abnormal, 2 = mod-
erately abnormal, and 3 = severely abnormal in each of the following 
categories: weight, activity level, appearance of the coat, posture/
gait, and dermal/spinal tumor size (further details are available on 
request). The dorsal trunk was shaved and photographed to docu-
ment the growth of each lesion over time.

2.4 | Immunohistochemistry and 
immunofluorescence

Skin samples and tumors were fixed in 10% buffered formalin over-
night at room temperature with gentle shaking, and then were de-
hydrated, cleared, embedded in paraffin, and sectioned at 5 μm, 
before staining using standard H&E technique. Some sections were 
bleached with 10% H2O2 first to remove melanin obscuring cell his-
tology (Manicam et al., 2014). Eye samples were prepared in the same 
way, except fixation was in Davidson's fixative for 48 hr as previously 
described (Latendresse, Warbrittion, Jonassen, & Creasy, 2002). For 
immunofluorescence, samples were fixed in 10% buffered formalin 
overnight at 4°C, taken through a sucrose gradient, embedded in 
O.C.T., and sectioned at 10 μm. Sections underwent antigen retrieval 
(boiled citrate buffer; Vector Labs, #H3300) and then were blocked in 
5% donkey serum in PBS plus 0.3% Triton X-100 and incubated over-
night at 4°C with anti-N-terminal mouse Dct primary antibody at a 
dilution of 1:800 (custom antibody raised in rabbit, GenScript). After 
washing in PBS with 0.1% Tween-20, sections were incubated with 
Alexa Fluor 488 donkey anti-rabbit IgG (Jackson ImmunoResearch, 
#711-545–152) for 1 hr at room temperature, washed, counter-
stained with DAPI, and mounted. Alternatively, rabbit anti-tubulin 
1:1,000 (Abcam, #ab18207) was used as the primary antibody with 
no antigen retrieval. Antibody-stained and H&E-stained sections 

were imaged using either a DMI 6000B microscope (Leica) or an 
Axio Scan.Z1 slide scanner (Zeiss), respectively. For anti-melanoma 
cocktail staining, paraffin-embedded sections were cleared, rehy-
drated, and bleached with 10% H2O2. Then, sections were blocked 
with horse serum in PBS plus 0.3% Triton X-100 and incubated 
with mouse anti-melanoma cocktail (HMB45 + M2-7C10 + M2-9E3, 
ab732, 1:40 dilution) overnight at 4°C. HRP-conjugated secondary 
antibody was applied using the VECTASTAIN Elite ABC kit for mouse 
(Vector Labs, PK-6102). HRP staining was revealed using the DAB 
Substrate kit (Vector Labs, SK-4100).

2.5 | Statistical analysis

Ordinary one-way ANOVA test was performed using Turkey's multi-
ple comparison test. All statistics and figures were performed using 
GraphPad Prism 6.0 software.

3  | RESULTS

3.1 | GNAQQ209L-driven skin lesions

To drive oncogenic GNAQQ209L expression, we used the previously 
described, Rosa26-floxed stop-GNAQQ209L ("R26-fs-GNAQQ209L") 
mouse allele. In this allele, constitutively active GNAQQ209L was 
knocked into the ubiquitously expressed Rosa26 locus, preceded 
by a loxP flanked stop cassette that prevents transcription. In cells 
that express Cre recombinase, the two loxP sites are recombined and 
the stop cassette is deleted, allowing GNAQQ209L expression. In our 
original study, we targeted conditional GNAQQ209L expression to all 
melanocytes using Mitf-cre, which caused widespread dermal skin 
hyper-pigmentation, leptomeningeal melanocytomas in the cranial 
and spinal regions, melanocyte over-growth in the inner ears, and 
aggressive uveal melanoma in the eyes. In our current study, we 
sought to express GNAQQ209L in the nerve-associated multipotent 
neural crest cells (i.e., on the ventro-medial pathway), which would 
then lead to permanent GNAQQ209L expression in the nerve-derived 
subset of melanocytes.

To do this, we made use of the Plp1-creERT transgene [(Tg(Plp1-
cre/ERT)3Pop), Jackson Laboratories stock #005975]. This trans-
gene carries almost identical Plp1 regulatory regions as another 
Plp1-CreERT2 transgene, previously used to fate map melanocytes 
(Adameyko et al., 2009); however, there are differences between 
CreERT and CreERT2. CreERT2 carries three mutations in the ER ligand 
binding domain and has a 10-fold greater sensitivity to tamoxifen 
compared to CreERT (Indra et al., 1999). Both versions of CreER can 
sometimes be "leaky" (i.e., translocate to the nucleus and recom-
bine loxP sites in the absence of tamoxifen) (Sandlesh, Juang, Safina, 
Higgins, & Gurova, 2018). We previously used the Plp1-creERT trans-
gene to assess the effects of neurofibromin (Nf1) haploinsufficiency 
on the nerve-derived subset of melanocytes. It efficiently targeted 
post-natal day 5 melanocytes in the dermis and hair follicles when 
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tamoxifen was provided at E11.5 (Deo, Huang, Fuchs, Angelis, & 
Raamsdonk, 2013). In this study, we crossed R26-fs-GNAQQ209L/+ 
mice (Huang et al., 2015) to Plp1-creERT/+ mice (Doerflinger et al., 
2003) in timed matings, and induced Cre recombinase activity by 
IP injection of 1 mg tamoxifen into each pregnant mother at one 
of three time points: E9.5, E10.5, or E11.5. For comparison, we also 
targeted GNAQQ209L expression specifically to melanocytes at E11.5 
using the Bosenberg et al. (2006), Tyr-creERT2 transgene, driven 
by Tyrosinase regulatory elements, at the same tamoxifen dosage 
(Bosenberg et al., 2006). We did not treat Tyr-creERT2 mice with 
tamoxifen injection at E9.5 and E10.5, because it is not expected 
that Tyr-creERT2 is expressed at those time points.

Mice of all resulting genotypes were obtained at the ex-
pected frequency at weaning age. At 3 weeks of age, the Rosa26-
fs-GNAQQ209L/+; Plp1-creERT/+ mice (hereafter referred to as 
"R26-fs-GNAQQ209L; Plp1-creERT") were healthy and showed no signs 
of neurological defects. We found that while the coat and most of the 
skin appeared to be pigmented normally, all of the R26-fs-GNAQQ209L; 
Plp1-creERT mice induced at either E10.5 or E11.5 exhibited ~5 small 
flat nevi on the trunk (Figure 1a,c). We also found identical lesions 
in all of the Rosa26-fs-GNAQQ209L/+; Tyr-creERT2/+ mice (hereafter 
referred to as "R26-fs-GNAQQ209L; Tyr-creERT2") (Figure 1b,c). In con-
trast, only 2 out of 9 R26-fs-GNAQQ209L; Plp1-creERT mice induced at 
E9.5 exhibited a trunk nevus, one each. Trunk nevi were not found 
in R26-fs-GNAQQ209L; Plp1-creERT or R26-fs-GNAQQ209L; Tyr-creERT2 
control mice that were not treated with tamoxifen, indicating that 
the lesions were not due to leaky CreER activity.

Interestingly, all of the nevi were found on the dorsum of the 
mice. In R26-fs-GNAQQ209L; Plp1-creERT mice of all three injection 
time points, most of the lesions occurred on the middle or lower 
back (Figure 1d). In contrast, half of the lesions in R26-fs-GNAQQ209L; 
Tyr-creERT2 mice were found in upper back (Figure 1d). In addition, 
R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5 exhibited 
small flat nevi on the tail (Figure 1e,f), which were absent in all other 
experimental animals. Histological analysis of flat trunk nevi in R26-
fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2 mice 
showed that they were composed of heavily pigmented dendritic 
melanocytes in the dermis with nodular collection of mostly mela-
nophages in the subcutis below (Figure 1g,h).

To summarize, we found that inducing GNAQQ209L expression 
by Plp1-creERT or Tyr-creERT2 during development initially produced 
the very limited effect of a few small intradermal melanocytic neo-
plasms on the dorsum. The ability of Plp1-creERT to generate these 
neoplasms was more pronounced with induction at E10.5/11.5 as 
compared to E9.5. Plp1-creERT and Tyr-creERT2 differed with respect 
to the distribution of nevi along the anterior–posterior axis.

3.2 | Flat dermal nevi have the potential to progress 
into raised tumors

We aged the R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; 
Tyr-creERT2 mice to assess whether there were any latent effects of 

GNAQQ209L expression initiated during embryogenesis. We tracked 
each congenital nevus over time by shaving and photographing 
the trunk skin every two weeks and performing health monitor-
ing. In total, 35%–45% of the congenital nevi developed into raised, 
dome-shaped tumors in R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-
GNAQQ209L; Tyr-creERT2 mice (Figure 2a-c). The first raised tumor 
was detected at 6 months in R26-fs-GNAQQ209L; Plp1-creER mice and 
at 8 months in R26-fs-GNAQQ209L; Tyr-creERT2 mice (Figure S1A). 
Additionally, small raised dermal tumors were observed in the tails 
of 40% of R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5 
(Figure 2e). Only one flat trunk nevus developed into a raised tumor 
in a single R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E9.5. 
There was a trend toward larger dermal tumors in R26-fs-GNAQQ209L; 
Tyr-creERT2 mice, compared to R26-fs-GNAQQ209L; Plp1-creERT mice 
(Figure 2d).

Histological analysis by H&E staining of bleached and unbleached 
sections revealed a high similarity between the R26-fs-GNAQQ209L; 
Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2 raised tumors. The 
tumors were classified as dermal-based nodules with pushing bor-
ders, with subcutis involvement (Figure 2e-f). The tumors were pos-
itive for the HMB45 anti-melanoma cocktail antibody (Figure 2g). 
Some spindle-shaped melanocytes were found in the surrounding 
dermis. There was also possible involvement of eccrine ducts and 
vascular structures.

Hence, the flat nevi that were already present at 3 weeks of 
age in both R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; 
Tyr-creERT2 mice had the potential to develop into raised blue ne-
vus-like dermal tumors. The lesions grew slowly and did not pres-
ent with signs of malignancy, such as ulceration or spread into the 
hypodermis.

3.3 | Expression and leaky activity of Plp1-creERT in 
adult melanocytes

While aging the R26-fs-GNAQQ209L; Plp1-creERT mice, we ob-
served the emergence of more than 100 punctate nevi (each 
1–2 mm2 in diameter) on the trunk skin of every mouse induced 
at E9.5 (Figure 3a), E10.5, or E11.5. These nevi increased in num-
ber over time, but individual nevi did not grow significantly in size. 
Unexpectedly, the nevi also emerged on the trunk skin of control 
R26-fs-GNAQQ209L; Plp1-creERT mice that had never been directly 
or indirectly exposed to tamoxifen (Figure 3b). In addition, they 
were absent in R26-fs-GNAQQ209L; Tyr-creERT2 mice induced with 
tamoxifen at E11.5 (Figure 3b). These observations revealed that 
Plp1-creERT exhibits leaky activity in the absence of tamoxifen, ac-
tivating the expression of GNAQQ209L and causing tiny pigmented 
nevi.

The punctate nevi arose with an average latency of 9 months 
(Figure S1B). At endpoint, the mice that had been treated with 
tamoxifen at E9.5 or E10.5 showed a significantly higher num-
ber of nevi on the trunk skin compared to tamoxifen-free mice 
(Figure 1c). Histological analysis of the punctate nevi showed 
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masses of pigmented cells at the base of the hair follicle bulbs, ex-
tending into the surrounding dermis (Figure 3c). This suggested that 
the punctate nevi in R26-fs-GNAQQ209L; Plp1-creERT mice resulted 
from leaky activity of creER in hair follicle melanocytes. The pos-
sibility that the endogenous Plp1 gene is expressed in melanocytes 
(not just Schwann cell precursors) has been previously suggested by 
the detection of Plp1 transcripts in FACS sorted Tyr+ cells from the 
epidermis of E15.5 mouse embryos and in human cutaneous mela-
nomas (Colombo, Champeval, Rambow, & Larue, 2012; Hoek et al., 
2006).

To examine whether Plp1-creERT exhibits leaky activity in hair 
follicle melanocytes, we crossed Plp1-creERT/+ mice to the fluores-
cent tomato reporter line, Rosa26-floxed stop-tdTomato (hereafter 
referred to as "R26-fs-Tomato"). These mice were housed separately 
from tamoxifen-treated animals to prevent cross-contamination 
from dirty bedding. In adult (P35, P140) R26-fs-Tomato/+; Plp1-
creERT/+ mice that had never received any tamoxifen, tomato-pos-
itive, Dct-positive melanocytes were found in hair follicle bulbs in 

the trunk and tail (Figure 3d,g). This experiment confirmed that Plp1-
creERT exhibits leaky activity in hair follicle melanocytes. However, 
from this experiment alone, we cannot say when the leaky activity of 
CreER recombined the R26-fs-Tomato allele, other than it was before 
P35.

Hence, we examined hair follicles as early as possible during 
development to assess whether there was evidence of leaky ac-
tivity during embryogenesis. In post-natal day 4 trunk and tail skin, 
we found no tomato-positive cells in the hair follicles of R26-fs-
Tomato/+; Plp1-creERT/+ pups that were never exposed to tamoxifen 
(Figure 3e-f). We conclude that the leaky activity of creER expressed 
by Plp1-creERT began sometime between P4 and P35. Post-natal 
leaky Plp1-creERT expression and activity did not drive tumor for-
mation in the Plp1-creERT model, because we never found tumors 
in tamoxifen-free R26-fs-GNAQQ209L; Plp1-creERT mice. The leaky 
activity, when used to drive GNAQQ209L expression in post-natal 
hair follicle melanocytes, produces nevi with an interesting arrested 
growth pattern.

F I G U R E  1   Induction of GNAQQ209L expression during embryogenesis generates flat melanocytic nevi. (a-b) Flat melanocytic nevi in 
3-week-old R26-fs-GNAQQ209L; Plp1-creERT (a) and R26-fs-GNAQQ209L; Tyr-creERT2 (b) mice induced with tamoxifen at E11.5. Red arrows 
indicate nevi. (c) Average number of flat melanocytic nevi on the trunk per mouse at 3 weeks of age per indicated genotype. (One-way 
ANOVA, p-value <0.05*; <.01**; <.001***; ns, not significant.) Number of mice of each genotype is shown below. (d) Proportion of flat 
melanocytic nevi in three zones along the anterior–posterior axis of mice of the indicated genotypes. Zones are represented in the schematic 
on the right. (e) Average number of flat melanocytic nevi on the tail per mouse at 3 weeks of age per indicated genotype. (f) Macroscopic 
view of flat melanocytic tail nevi in a 3-week-old R26-fs-GNAQQ209L; Plp1-creERT mouse induced with tamoxifen at E11.5. Red arrows indicate 
nevi. (g-h) H&E-stained unbleached (left) and bleached (right) sections of flat melanocytic trunk nevi in R26-fs-GNAQQ209L; Plp1-creERT (G) or 
R26-fs-GNAQQ209L; Tyr-creERT2 (h) mice induced at E11.5. Lower row shows magnified areas enclosed by yellow squares. Graphs in this figure 
depict the mean for each genotype/induction time point, ± SEM
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3.4 | GNAQQ209L-driven spinal 
leptomeningeal neoplasms

After aging the R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-
GNAQQ209L; Tyr-creERT2 mice for 8–24 months (Figure 2d), we eu-
thanized them and performed necroscopy. We found that all of the 
R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5 or E10.5 and 
all of the R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5 ex-
hibited flat leptomeningeal melanocytomas over the spine in the 
trunk (Figure 4a). The average total area of the neoplasms was larger 
in the R26-fs-GNAQQ209L; Plp1-creERT mice (88 mm2) compared to 
the R26-fs-GNAQQ209L; Tyr-creERT2 mice (19 mm2) (Figure 4b). Only 
one R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E9.5 exhibited 
a spinal leptomeningeal melanocytoma, which was flat and small 
(15 mm2 total area) (Figure 4a). Interestingly, this was also the only 

E9.5-treated mouse that developed a raised dermal lesion. No lep-
tomeningeal lesions of any type were found in the control R26-fs-
GNAQQ209L; Plp1-creERT mice that were not exposed to tamoxifen, 
demonstrating that this is not a phenotype driven by leaky Plp1-
creERT activity.

Histological analysis of the flat spinal leptomeningeal melanocy-
tomas revealed an expansion of pigmented cells along the dorsal root 
ganglia in R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; 
Tyr-creERT2 mice induced at E11.5 (Figure 4c). R26-fs-GNAQQ209L; 
Plp1-creERT mice also exhibited lesion growth within the meningeal 
layer (Figure 4c). No pigmented cells were found within the spinal 
cord in association with areas of flat leptomeningeal melanocytomas 
(Figure 4c).

Over time, 60% of the R26-fs-GNAQQ209L; Plp1-creERT mice 
induced at E10.5 and 80% of the R26-fs-GNAQQ209L; Plp1-creERT 

F I G U R E  2   Progression of flat melanocytic nevi into raised tumors. (a) Photographs tracking the appearance of flat melanocytic nevi over 
time in a R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E11.5. Yellow arrow follows one particular flat lesion that developed into a raised 
tumor at around 7 months. (b) Percentage of flat melanocytic nevi that remained flat until endpoint (gray) or raised into tumors (black) among 
all mice of indicated genotype/induction time point. (c) Average number of raised tumors per mouse at endpoint per genotype/induction 
time point. (One-way ANOVA, p-value <.05*; NS, not significant.) Graph depicts the mean for each ± SEM. Number of mice shown below. 
(d) Scatter plot showing the mouse age at endpoint on the x-axis and the total area of raised dermal lesions per mouse at endpoint on the 
y-axis. Genotype/induction time point is indicated in the legend on the right. (e-f) Macroscopic top and side views of raised tumors in R26-
fs-GNAQQ209L; Plp1-creERT (e, left) or R26-fs-GNAQQ209L; Tyr-creERT2 (f, left) mice induced at E11.5. Bleached and unbleached H&E-stained 
sections of the tumors (e-f, right). Areas enclosed by a yellow square are shown in enlargements (far right). (g) Anti-melanoma antibody 
staining on a dermal tumor from a R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E11.5. Sections were bleached before incubation. No 
ab = negative control section not incubated with the primary antibody
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mice induced at E11.5 developed 1–3 large black firm masses on 
the spine under the skin (Figure 4d-e,f). Because flat leptome-
ningeal lesions are not externally visible, we could not monitor 
them to determine whether the raised lesions were growing from 
a pre-existing flat melanocytoma, as we were able to do with 
the dermal tumors. However, we observed the lumps lifting the 
overlying skin with an average latency of 12 months. The earli-
est a raised leptomeningeal lesion was observed was at 9 months 

in a R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E11.5. 
Histological analysis of the raised lesions and the surrounding 
vertebrate at endpoint revealed melanoma cells infiltrating the 
spinous process of the vertebrae (Figure 4g,h,j,k, Figure S2A), in-
vading the muscle layer of the surrounding hypodermis (Figure 4i), 
and growing within the spinal cord itself (Figure 4l). These lesions 
were positive for an anti-melanoma cocktail antibody (Figure 
S2b). All R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; 

F I G U R E  3   "Leaky" activity of Plp1-creERT in adult melanocytes generates punctate nevi. (a) Photographs tracking the appearance of 
punctate melanocytic nevi over time in a R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E9.5. Yellow arrows track two particular punctate 
nevi over time in one mouse beginning at 12 months. (b) Punctate nevi were observed in R26-fs-GNAQQ209L; Plp1-creERT mice, with or 
without tamoxifen induction, but not in R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5. Areas enclosed by a yellow square are shown 
in enlargements. (c) H&E-stained sections of punctate nevi in R26-fs-GNAQQ209L; Plp1-creERT mice with (left) or without (right) tamoxifen 
induction at E9.5. Areas enclosed by a yellow square are shown in enlargements below. (d, left) Tomato expression (red) in pigmented cells 
of a hair follicle from a 35-day-old R26-fs-GNAQQ209L; Plp1-creERT mouse never exposed to tamoxifen. DAPI (blue). (d, right) Combined bright 
field image from left, with tomato expression. (e-f) No tomato expression (red) was observed in pigmented cells in trunk (e) or tail (f) hair 
follicles from a 4-day-old R26-fs-GNAQQ209L; Plp1-creERT mouse never exposed to tamoxifen. Combined fluorescent and bright field images, 
DAPI (blue). (g) Tomato-positive melanocytes (arrows) in the hair follicles of P140 tail skin in a R26-fs-GNAQQ209L; Plp1-creERT mouse never 
exposed to tamoxifen (Dct, green; Tomato, red; DAPI; blue)
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Tyr-creERT2 mice induced with tamoxifen exhibited heavily pig-
mented lymph nodes, which may be the result of scavenging ac-
tivity by macrophages (Figure 4m).

3.5 | Poor health of R26-fs-GNAQQ209L; Plp1-creERT 
mice induced at E10.5 and E11.5

The endpoint for most mice in the study was 16–20 months of age 
(see Figure 2d). It appeared that the aggressiveness of the spinal 
leptomeningeal melanomas was detrimental to the health of the 
R26-fs-GNAQQ209L; Plp1-creERT mice. At endpoint, the health of the 
R26-fs-GNAQQ209L; Tyr-creERT2 mice was close to normal, with an 

average clinical health score (CHS) of 1.8 (Figure 5a). In contrast, the 
R26-fs-GNAQQ209L; Plp1-creERT mice induced at E10.5 or E11.5 had 
a significantly higher CHS at endpoint (3.9 on average, Figure 5a), 
while mice induced at E9.5 were still completely normal.

All but one R26-fs-GNAQQ209L; Plp1-creERT mouse exhibited nor-
mal gait. The one abnormal animal developed left hind leg paralysis at 
15 months (Video S1). The leptomeningeal melanoma in this mouse 
showed aggressive bone invasion horizontally through multiple ver-
tebrae in the lower back and displacement of ganglia (Figure 5b,c). 
Further emphasizing the malignancy of this lesion, a large pigmented 
lung tumor was discovered during necroscopy (Figure 5d). This was 
likely a distal metastasis as there were no lung lesions present in any 
of the other mice in this study.

F I G U R E  4   Leptomeningeal melanocytoma and melanoma associated with the spine. (a) Macroscopic view of spinal leptomeningeal 
neoplasms (examples shown by red arrows) at endpoint in mice of the indicated genotypes/induction time points. The number of mice with 
leptomeningeal neoplasms out of the total is shown underneath. (b) Average total area of spinal leptomeningeal neoplasms per mouse at 
endpoint. (One-way ANOVA, p-value <.05*.) Graph depicts the mean area for each genotype/induction time point ± SEM. Number of mice is 
shown below. (c) H&E-stained sections of spinal melanocytomas in R26-fs-GNAQQ209L; Plp1-creERT (top) and R26-fs-GNAQQ209L; Tyr-creERT2 
(bottom) mice. Melanocytic cells were located near dorsal root ganglia (D.R.G.) (red arrows) and within the meninges. Enlargements are 
shown in yellow and green boxes. (d) Macroscopic appearance of a raised spinal leptomeningeal melanoma at endpoint before and after 
removal of the overlying skin. (e) Percent of mice with raised spinal leptomeningeal melanoma at endpoint in the indicated genotypes/
induction time points. (f) Average number of raised spinal leptomeningeal melanomas per R26-fs-GNAQQ209L; Plp1-creERT mouse. Graph 
depicts the mean number of lesions for each induction time point ± SEM. (g-l) H&E-stained sections of raised spinal leptomeningeal 
melanomas in R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5. Tumors showed invasion of the spinous process (red arrow in h, yellow 
arrow in k), hypodermis (red arrow in i), and spinal cord (yellow arrow in l). Enlargements are shown in yellow and green boxes. (m) Lymph 
nodes were also pigmented
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To summarize, the majority of Rosa26-fs-GNAQQ209L; Plp1-creERT 
mice induced at E10.5 or E11.5 developed a particularly aggressive 
form of leptomeningeal melanocytic neoplasia, which is unique 
among existing mouse models. The lack of aggressive lesions in 
the R26-fs-GNAQQ209L; Tyr-creERT2 mice suggests the importance 
of targeting undifferentiated neural crest cells in this disease. Plp1-
creERT could more efficiently target meningeal melanocytes than 
Tyr-creERT2. The efficiency of these two transgenes in meningeal 
melanocytes has not been determined.

3.6 | GNAQQ209L-driven cranial meningeal 
melanocytomas

While inducing GNAQQ209L expression at E9.5 in Rosa26-fs-
GNAQQ209L; Plp1-creERT mice had almost no effect on the leptome-
ninges of the spine, we found that 100% of these mice exhibited 
pigmented lesions within the skull. Two different types of lesions 
were found: leptomeningeal melanocytomas overlying the dor-
sal cerebellum (Figure 6a,c) and grossly enlarged and pigmented 
trigeminal nerves (Figure 6a,c,d). Also known as cranial nerve V, the 
trigeminal nerve runs beneath the brain and branches into the oph-
thalmic nerve, maxillary nerve, and mandibular nerve. Pigmented 
trigeminal nerves were present in all Rosa26-fs-GNAQQ209L; Plp1-
creERT mice induced at E10.5; however, only 25% of these mice 
exhibited cranial leptomeningeal lesions (Figure 6b). Both types of 
cranial lesions were absent in Rosa26-fs-GNAQQ209L; Plp1-creERT 
and R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5 or never 
exposed to tamoxifen.

3.7 | No uveal melanoma in Plp1-creERT or Tyr-
creERT2 models

We were particularly interested in whether GNAQQ209L induced dur-
ing embryogenesis by Plp1-creERT or Tyr-creERT2 would cause uveal 
melanoma, as in the original R26-fs-GNAQQ209L/+; Mitf-cre/+ model 
(Huang et al., 2015). However, we observed no bulging of the eyes 
while the mice were aging, which suggested that the eyes were nor-
mal. We sectioned eyes at 18 months and found no difference in the 
appearance of the uveal tract in Rosa26-fs-GNAQQ209L; Plp1-creERT or 
R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5, compared to 
Plp1-creERT/+ controls (Figure 6e). We also measured the thickness 
of the uveal tract at endpoint and found no significant difference be-
tween R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5, Rosa26-
fs-GNAQQ209L; Plp1-creERT mice induced at E9.5, E10.5, or E11.5, or 
control littermates of other genotypes not expressing GNAQQ209L 
(Figure 6f). Although surprising, the ability to separate GNAQQ209L-
driven uveal melanoma from leptomeningeal melanocytic neoplasms 
is a fortuitous result, because it allows leptomeningeal melanoma to 
be studied independently. In the Discussion section, we speculate as 
to why uveal melanoma might not have been produced in these mice.

3.8 | Fate mapping of Plp1-creERT- and Tyr-creERT2-
derived cells

Because GNAQQ209L expression driven by Plp1-creERT and Tyr-
creERT2 with induction at E11.5 produced non-identical pheno-
types in the mice, we sought to identify the cells targeted by each 

F I G U R E  5   Malignant behavior of spine-associated leptomeningeal melanoma. (a) Average clinical health score (CHS) of mice in study 
at endpoint. Graph depicts the mean value for each genotype/induction time point ± SEM. 0 = normal; 6 = severely abnormal. (One-way 
ANOVA, p-value <.05*.) (b) R26-fs-GNAQQ209L; Plp1-creERT mouse #56 induced at E11.5. Mouse was euthanized at 16 months of age 
exhibiting hind leg paralysis and weight loss. (c) Melanoma in mouse #56 extended through multiple vertebrae in the spine. Macroscopic 
view of dissected spine (left) showing displacement of ganglia (yellow arrows). H&E-stained section through lesion (right). (d) Large lung 
metastasis found in mouse #56 during necroscopy (yellow arrow)
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transgene during development. To do this, we crossed each trans-
genic line to R26-fs-Tomato in timed matings and induced Plp1-creERT 
at either E9.5 or E11.5, and Tyr-creERT2 at E11.5. In some pregnan-
cies, we harvested the embryos 24 hr after injection to determine 
where the cells expressing creER localized prior to distant cell migra-
tion, using whole-mount fluorescence stereomicroscopy. We found 
that tamoxifen treatment of Plp1-creERT embryos at E9.5 resulted in 
strong Tomato expression in cranial nerves V, VII/VIII, and X and in 
the dorsal root ganglia in the trunk in embryos harvested at E10.5 
(Figure S3A). Individual Tomato-positive cells were seen at the sur-
face of the embryo in the hindbrain region, with a few lying on the 
isthmus separating the midbrain from the hindbrain (Figure 3c-d). 
We note that this is a location of LacZ-positive cells in E10.5 Dct-
LacZ embryos (Figure 3b). Migratory Tomato-positive cells were also 
seen emerging from near cranial nerves VII/VIII and X near the otic 
vesicle, which is also an area of abundant LacZ-positive cells in Dct-
LacZ embryos (Figure S3E-F). Migratory Tomato-positive cells were 
not observed around the dorsal root ganglia in the trunk, despite the 
presence of a few LacZ-positive melanoblasts in this area in Dct-LacZ 
embryos (Figure 3g-h).

Similarly, tamoxifen induction of R26-fs-Tomato; Plp1-creERT em-
bryos at E11.5 continued to strongly label cranial nerves V, VII/VIII, 
and X and the dorsal root ganglia in the trunk of embryos harvested 
at E12.5 (Figure S4A). Many more individual Tomato-positive cells 
were observed at the embryo surface following E11.5 induction, 
including Tomato-positive cells around the eyes and overlying the 
forebrain (Figure S4B). In the trunk, individual Tomato-positive cells 
were found near extending dorsal root ganglia (inset, Figure S4C), 
at the base of the hindlimb (Figure S4D), lateral to the dorsal root 
ganglia (Figure S4E), and also dorsal to the neural tube in the most 
caudal trunk/tail (Figure S4F).

We also sectioned the R26-fs-Tomato; Plp1-creERT embryos 
induced at E11.5 and harvested at E12.5 to perform immunofluo-
rescence staining for Dct to determine the efficiency of Plp1-creERT-
mediated recombination in melanoblasts 24 hr after induction. On 
average, the efficiency of Plp1-creERT in trunk melanoblasts was cal-
culated to be 33% at E11.5 (Figure S5). In sections of the eyes, we 
found that the Tomato-positive cells did not express Dct, so the iden-
tity of these presumed neural crest-derived cells remains unknown 
(Figure S6). Except for the retina and lens, the structures of the eyes 

F I G U R E  6   Cranial melanocytic neoplasms in GNAQQ209L; Plp1-creERT mice induced at E9.5. (a) Representative images of the intact skull 
(top), dorsal surface of the brain (middle), and trigeminal nerves (bottom) in either a R26-fs-GNAQQ209L; Plp1-creERT mouse not exposed 
to tamoxifen (left) or induced with tamoxifen at E9.5 (right). Thin yellow arrows indicate melanocytic lesions, while fat yellow arrows 
indicate the right trigeminal nerve. (b) Percent of mice with cranial melanocytic neoplasms in the indicated genotype and induction time 
points. Meningeal lesions, black. Trigeminal nerve lesions, gray. Number of mice shown below. (c) H&E staining of a section of the intact 
skull of a R26-fs-GNAQQ209L; Plp1-creERT mice induced with tamoxifen at E9.5. T.N. indicates a melanotic trigeminal nerve. L.M. indicates 
a leptomeningeal lesion, which is also enlarged in the yellow box to the right. (d) H&E-stained section of a trigeminal nerve from either a 
R26-fs-GNAQQ209L; Plp1-creERT mouse not exposed to tamoxifen (left) or induced with tamoxifen at E9.5 (right). (e) Representative H&E-
stained sections of eyes through the point of optic nerve connection. No difference in the uveal tract was seen in R26-fs-GNAQQ209L; 
Plp1-creERT mice (left), R26-fs-GNAQQ209L; Tyr-creERT2 mice (middle), or +/+; Plp1-creERT mice (right), all induced with tamoxifen at E11.5. (f) 
Quantification of the thickness of the uveal tract in mice of the indicated genotypes and induction time points. (One-way ANOVA, p-value 
>.05; NS, not significant.) Control mice included 5 +/+; Plp1-creERT/+ mice, 4 R26-fs-GNAQQ209L;+/+ mice, and 4 +/+; +/+ mice
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are formed by either cranial neural crest cells marked by Wnt1 or by 
cranial mesoderm, so, the Tomato-positive cells that were observed 
may or may not be future melanocytes (Gage, Rhoades, Prucka, & 
Hjalt, 2005).

Repeating these experiments with R26-fs-Tomato; Tyr-creERT2 
mice induced at E11.5 revealed very low Tomato expression at 
E12.5. We examined whole-mount embryos at maximal magnifica-
tion and also sectioned R26-fs-Tomato; Tyr-creERT2 embryos to look 
for Tomato-positive cells. In sections of the trunk, there were only 
rare Tomato-positive cells observed (Figure S7A). One area of stron-
ger expression was the future pigmented retinal epithelium in the 
eye (Figure S7B). We suspect that Tyr-creERT2 expression lags behind 
Plp1-creERT, but tamoxifen remains in the system long enough to in-
duce CreER activity.

We next repeated the same crosses and tamoxifen injections as 
above, but waited to examine Tomato expression until post-natal 
day 4. We removed the skin from the trunk and tail, sectioned it, 
and performed immunofluorescence staining for Dct or Tubulin, a 
nerve marker. In the trunk of Plp1-creERT mice induced at E9.5, we 
found that 31% of Dct-positive melanocytes in hair follicles and 62% 
of Tubulin-positive nerves were also Tomato-positive (Figure 7a-b). 
However, this expression was only detected in the trunk. In the tail, 
there were almost no Tomato-positive cells observed (Figure 7a). 
In the trunk of Plp1-creERT mice induced at E11.5, we found that 
53% of Dct-positive melanocytes in the hair follicles and 88% of 
Tubulin-positive nerves were also Tomato-positive (Figure 7c,e). 
Furthermore, there were Dct-positive, Tomato-positive melanocytes 
in the tail, including in the inter-follicular epidermis (Figure 7c). We 
conclude that the Plp1-creERT transgene more efficiently targeted 
skin/hair melanocytes and nerves at E11.5 compared to E9.5.

In the Tyr-creERT2 mice induced at E11.5 and harvested at P4, 
51% of Dct-positive hair follicle melanocytes in the trunk were also 
Tomato-positive (Figure 7d,f), despite the weak Tomato expression in 
E12.5 embryos. This shows that Tyr-creERT2 does eventually respond 
to tamoxifen provided at E11.5. We observed a few Tubulin-positive 
nerves co-localizing with Tomato expression in R26-fs-Tomato; Tyr-
creERT2 sections, but the vast majority of nerves in the dermis were 
negative (Figure 7d).

3.9 | Effect of GNAQQ209L on neural crest cells 
during development

To assess the effect of GNAQQ209L on Plp1-creERT expressing multi-
potent neural crest cells during embryogenesis, we intercrossed 
Plp1-creERT/+; Dct-LacZ/+ mice with R26-fs-GNAQQ209L/+ mice in 
timed matings and injected pregnant females at E11.5. Embryos 
were dissected at E12.5 and stained in X-gal solution to reveal LacZ-
positive cells. DNA extracted from the embryonic membranes was 
used to genotype the embryos and the R26-fs-GNAQQ209L/+; Plp1-
creERT/+; Dct-LacZ/+ and +/+; Plp1-creERT/+; Dct-LacZ/+ and other 
control Dct-LacZ/+ genotypes were compared in whole mounts and 
sections (Figures S8–S10). Cells located close to the epidermis in the 

skin were likely melanoblasts. We also used the known expression 
of Dct-LacZ in the dorsal root ganglia (Mackenzie et al., 1997) to 
measure the length of the nerve root extensions. We found a signifi-
cant reduction in the number of LacZ-positive cells migrating near 
the skin in GNAQQ209L expressing embryos, suggesting that there is 
an initial negative impact on melanoblasts in terms of either survival 
or expression of Dct. However, this deficiency was apparently not 
permanent, because there was no sign of white spotting in any of 
the study mice and we found a normal number of Tomato-positive 
cells in the hair follicles of Plp1-creERT/+; R26-fs-GNAQQ209L/R26-fs-
Tomato P4 trunk skin (Figure S10). The dorsal root ganglia nerve ex-
tensions were not different in length in the GNAQQ209L expressing 
mice compared to controls. This, combined with a lack of a motor 
deficits in the adult Plp1-creERT/+; R26-fs-GNAQQ209L/+ mice sug-
gests that neurons and glia were not greatly impacted by the expres-
sion of GNAQQ209L. GNAQQ209L mutations have not been reported 
in human schwannomas. A detailed examination of neurons and glia 
in this model remains to be completed.

4  | DISCUSSION

GNAQQ209L is a potent oncogene frequently mutated in non-ep-
ithelial melanocytic lesions. In this study, we explored the effects 
of forcing the expression of oncogenic GNAQQ209L in the multi-
potent neural crest cells of the ventro-medial pathway, beginning 
prior to their differentiation into melanocytes, using the Plp1-creERT 
transgene. While this had no apparent effect on nerves or Schwann 
cells, we found that this produced leptomeningeal melanocytic 
neoplasms with complete penetrance. The lesions varied depend-
ing upon the day of embryogenesis that GNAQQ209L expression was 
initiated on and included cranial melanocytomas, spinal melanocy-
tomas, and spinal melanomas, in addition to blue nevus-like lesions 
in the dermis. It did not produce uveal melanoma. Furthermore, we 
compared this to the effects of embryonic GNAQQ209L expression 
in melanoblasts driven by Tyr-creERT2 with embryonic induction. 
While both transgenes produced nearly identical frequencies of blue 
nevus-like lesions in the dermis, GNAQQ209L expression initiated in 
multipotent neural crest cells generated a variety of leptomeningeal 
melanocytomas, some of which behaved very aggressively, accu-
rately reflecting the spectrum of potential malignancy of the human 
disease.

4.1 | Differences between the Mitf-cre, Plp1-
creERT, and Tyr-creERT2 models

Unlike the Braf melanoma oncogene (Urtatiz, Samani, Kopp, & 
Raamsdonk, 2017), we found that the effects of GNAQQ209L varied 
greatly depending on the Cre line that was used to induce its ex-
pression and the timing of induction. This includes a previously de-
scribed model we generated driven by Mitf-cre (Huang et al., 2015). 
Mitf-cre expresses a constitutively active form of Cre in melanocytes 
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under the control of the melanocyte-specific promoter of the 
Microphthalmia transcription factor gene (Alizadeh, Fitch, Niswender, 
Mcknight, & Barsh, 2008). Mitf-cre drove dramatic dermal hyper-
pigmentation throughout the skin, leptomeningeal melanocytomas, 
and aggressive uveal melanoma with likely lung metastases. The 
mice reached humane endpoint in only 5 months. In great contrast, 
in this current study we found that the initial phenotype of the Plp1-
creERT and Tyr-creERT2 models was only a few, small dermal nevi. 
This is despite both transgenes fate mapping 51%–53% of hair fol-
licle melanocytes following a single tamoxifen injection during em-
bryogenesis. In addition, the lack of uveal tract thickening or uveal 

melanoma in the Plp1-creERT and Tyr-creERT2 models is striking. 
Because the Mitf-cre transgene itself produces a variably penetrant 
phenotype (microphthalmia and small body size), one possibility is 
that it coincidentally interacts with GNAQQ209L to enhance tumori-
genesis (Alizadeh et al., 2008). MITF is frequently haploinsufficient 
in uveal melanoma through monosomy of chromosome 3. If endog-
enous Mitf expression was somehow reduced by the introduction of 
the Mitf-cre BAC transgene, it might act as a tumor-promoting factor. 
However, our previous study did not find a difference in endogenous 
Mitf RNA levels in Mitf-cre/+ mouse skin (Urtatiz et al., 2017). There 
were no Dct-positive, Tomato-positive cells in the E12.5 eyes of 

F I G U R E  7   Fate mapping of cells targeted by Plp1-creERT and Tyr-creERT2 during embryogenesis. (a) R26-fs-Tomato; Plp1-creERT mice 
induced with tamoxifen at E9.5 and harvested at P4. Sections of dorsal trunk and tail skin stained with antibody against tubulin for nerves or 
Dct for melanocytes (both shown in green, in separate panels) and compared to Tomato signal (shown in red), DAPI (shown in blue). Arrows 
indicate double-positive cells. (b) Percent of Tomato-positive melanocytes or nerves in R26-fs-Tomato; Plp1-creERT mice induced at E9.5 and 
harvested at P4. (c-d) R26-fs-Tomato; Plp1-creERT (c) or R26-fs-Tomato; Tyr-creERT2 (d) mice induced with tamoxifen at E11.5 and harvested 
at P4. Sections of dorsal trunk and tail skin stained with antibody against tubulin for nerves or Dct for melanocytes (both shown in green, 
in separate panels) and compared to Tomato signal (shown in red), DAPI (shown in blue). Arrows indicate double-positive cells. (e-f) Percent 
of Tomato-positive melanocytes or nerves in R26-fs-Tomato; Plp1-creERT (e) and R26-fs-Tomato; Tyr-creERT2 (f) mice induced at E11.5 and 
harvested at P4. (g) Summary schematic of the location and types of lesions produced from GNAQQ209L expression driven by Plp1-creERT 
(left) versus Tyr-creERT2 (right) during embryogenesis at the indicated days (E9.5, E10.5, or E11.5)
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Tyr-creERT2/+; R26-fs-Tomato/+ and Plp1-creERT/+; R26-fs-Tomato/+ 
embryos induced with tamoxifen at E11.5, so another possibility is 
that the E9.5 to E11.5 time frame is too early to target ocular mel-
anocytes, whose origin in development has not been determined. A 
final possibility is that initiating GNAQQ209L expression very early 
in development forces cells to adapt in a way that leads to general 
and long-term resistance to the oncogenic effects of GNAQQ209L. 
Only a few susceptible cells aberrantly go on to form dermal nevi 
and leptomeningeal melanocytomas. Fate mapping Dct-positive cells 
in Mitf-cre/+; R26-fs-Tomato/+ embryos throughout embryogenesis 
should be completed to help further inform our understanding of 
these models.

There were also differences in mouse phenotype depending upon 
whether we used Plp1-creERT or Tyr-creERT2 and depending upon 
the day of embryogenesis the tamoxifen was given (summarized in 
Figure 7g). Plp1-creERT was a more efficient driver of leptomenin-
geal phenotypes than Tyr-creERT2, generating melanocytomas in the 
cranium, larger and more frequent flat lesions in the spine, and ag-
gressively behaving leptomeningeal melanomas. One difference that 
might explain this phenomenon is that Plp1-creERT targets undiffer-
entiated neural crest cells, while Tyr-creERT2 targets differentiating 
melanocytes. Confirming this, we found that Tyr-creERT2 expression 
lags behind Plp1-creERT at E12.5 and does not fate map nerves. 
Therefore, it is possible that the expression of GNAQQ209L in mul-
tipotent neural crest cells has a greater effect than in newly differ-
entiating melanoblasts. An alternative possibility is that Plp1-creERT 
is more efficient at targeting the meningeal melanocyte population 
than Tyr-creERT2. We did not measure the efficiency of recombina-
tion in meningeal melanocytes, which remain poorly characterized. 
Another important point is that in the Plp1-creERT model, leptome-
ningeal melanocytomas appeared only in the head with induction 
at E9.5 and only in the trunk with induction at E11.5. This pattern 
mirrors the anterior-to-posterior progression of neural crest devel-
opment in the embryo. Similarly, tamoxifen injection at E11.5 in the 
Tyr-creERT2 model caused dermal lesions in the neck and upper back, 
while not producing any lesions within the cranium. These particular 
patterns of lesion development upon a background of normal mela-
nocytes suggest that there could be transient periods during which 
neural crest cells are susceptible to transformation by GNAQQ209L 
during development. A recent single-cell RNA-seq study of neural 
crest cell development from E8.5 to E10.5 did not find any mela-
noblasts with a consolidated melanocyte transcriptional signature, 
unlike the other neural crest cell lineages (Soldatov et al., 2019). The 
process of melanocyte differentiation from the neural crest could in-
volve unusual and prolonged transcriptional instability which might 
impact oncogenic susceptibility.

4.2 | Leptomeningeal melanocytic neoplasms 
associated with the spine

The leptomeningeal lesions observed in R26-fs-GNAQQ209L; Plp1-
creERT mice induced at either E10.5 or E11.5 bear resemblance to 

human meningeal melanocytomas. These are rare lesions that arise 
from leptomeningeal melanocytes and although the majority of me-
ningeal melanocytomas are reported in the intracranial compart-
ment, approximately one-third can be found along the spine (Wang, 
Zhang, Wu, Zhang, & Qin, 2013). Reminiscent of our finding that one 
of the R26-fs-GNAQQ209L; Plp1-creERT mice developed left hind leg 
paralysis at 15 months, a case report that presented clinical data and 
long-term outcomes from 16 patients with pathologically diagnosed 
spinal meningeal melanocytomas found that the primary clinical 
symptoms were weakness or numbness of the extremities (Yang et 
al., 2016).

Leptomeningeal melanocytomas are thought to fall at the be-
nign end of a continuous spectrum with a relatively good prog-
nosis. However, it is important to treat the lesions aggressively at 
an early, amenable stage (Padilla-Vazquez, Escobar-De La Garma, 
Ayala-Arcipreste, Mendizabal-Guerra, & Cuesta-Mejia, 2017). 
Leptomeningeal melanocytomas can seed to new sites in the CNS 
and progress to advanced stages that do not respond to any treat-
ment method (Bydon, Gutierrez, & Mahmood, 2003; Wang, Li, Chen, 
& Pu, 2007). Our Plp1-creERT mouse model demonstrates the full 
range of malignant potential of leptomeningeal melanocytomas, in-
cluding proliferation within the spinal cord and lung metastasis. The 
aggressiveness of the spinal leptomeningeal melanocytomas was 
detrimental to animal health, as demonstrated by the significantly 
higher CHS in R26-fs-GNAQQ209L; Plp1-creERT mice induced at E10.5 
or E11.5 versus E9.5. The spectrum of meningeal melanocytic neo-
plasms produced in the R26-fs-GNAQQ209L; Plp1-creERT mouse model 
could be useful for identifying a marker that predicts more aggres-
sive tumor behavior, which is currently a challenge for clinicians (Kim 
et al., 2013).

Previously described mouse models of leptomeningeal me-
lanocytoma were driven by GNAQQ209L in the above-mentioned 
R26-fs-GNAQQ209L; Mitf-cre model, as well as a similarly designed 
GNA11Q209L model and an NrasQ61K/Wnt model induced by ei-
ther Tyr-creERT or Tyr-cre, respectively (Huang et al., 2015; Moore 
et al., 2018; Pawlikowski et al., 2015). Each of these models ex-
hibited diffuse and flat leptomeningeal melanocytomas, much 
like the R26-fs-GNAQQ209L; Tyr-creERT2 model. Thus, the R26-
fs-GNAQQ209L; Plp1-creERT/+ model with E10.5 or E11.5 induc-
tion is the only model which develops firm, raised masses. The 
NrasQ61K/Wnt model exhibited an excess of melanocytes in the 
dermis, melanosis, and thickening of the leptomeninges, melano-
sis in olfactory bulbs and nasal turbinates, and leptomeningeal 
melanosis around the spinal cord. Unlike the R26-fs-GNAQQ209L; 
Plp1-creERT/+ model, the spinal cord was not invaded and no me-
tastases were reported.

It has previously been asked whether the differences in the loca-
tions of melanocytic neoplasms in different tissues are a functional 
consequence of the mutations themselves or indicate differences in 
the cell populations in which these mutations occur (Van Raamsdonk 
et al., 2009). Our R26-fs-GNAQQ209L; Tyr-creERT2 mice and the ac-
tivated NRAS/Wnt signaling mouse model both drive oncogene 
expression under the control of the Tyr promoter. Arguably, these 
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two models target the same population of cells, yet each displayed 
unique phenotypes, notably dermal tumors in the R26-fs-GNAQQ209L; 
Tyr-creERT2 mice. This then indicates that perhaps the mutations 
themselves play an important role. However, we also showed that 
Plp1-creERT drove different phenotypes depending upon when 
during embryogenesis (E9.5-E11.5) it was induced by tamoxifen. We 
documented differences between the Plp1-creERT and Tyr-creERT2 
models which were driven by the same oncogenic GNAQQ209L. Thus, 
it is likely a combination of oncogene, cell population, and the tim-
ing of the mutation that determines the melanocytic lesions that are 
produced.

4.3 | Cranial lesions in the Plp1-creERT model

Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced at E9.5 exhibited 
pigmented cells around the trigeminal nerves (i.e., cranial nerves 
V) and in the brain meninges. Fate mapping of R26-fs-Tomato; Plp1-
creERT embryos induced at E9.5 revealed strong Tomato signal in 
the fifth cranial nerves and in migrating cells in embryos at E10.5. 
However, the nerves and migrating cells were also labeled in E12.5 
embryos induced with tamoxifen at E11.5, yet no cranial hyper-pig-
mentation was observed in this cohort of mice. This revealed a short 
phase of GNAQQ209L sensitivity in the cranial neural crest around 
E9.5.

The Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced at E9.5 
are reminiscent of some cases of the nevus of Ota, in which fa-
cial dermal hyper-pigmentation follows the ophthalmic (V1) and 
maxillary (V2) branches of the trigeminal nerve on one side of the 
face (Swann & Kwong, 2010). Present at birth, the nevus of Ota is 
a known risk factor for uveal melanoma and carries frequent onco-
genic mutations in GNAQ. In one recent case study, a nevus of Ota 
presented with a small uveal melanoma as well as a larger intra-
cranial melanoma causing neurological dysfunction (Konstantinov, 
Berry, Elwood, & Zlotoff, 2018). Our results suggest that the initi-
ating GNAQQ209P mutation in this individual could have occurred 
during embryogenesis in a neural crest cell near cranial nerve V, 
with all three lesions seeded independently of each other follow-
ing migration. Our Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced 
at E9.5 did not progress to aggressive melanoma; however, the pa-
tient in Konstantinov et al. (2018 also carried a frameshift muta-
tion in the tumor suppressor, BAP1, which likely promoted tumor 
progression.

4.4 | "Leaky" CreERT activity and expression of 
Plp1-creERT in post-natal melanocytes

An analysis of the skin of Rosa26-fs-GNAQQ209L; Plp1-creERT mice 
never exposed to tamoxifen revealed the development of more than 
100 punctate hair follicle-associated nevi that developed after a 
9-month long latency and with limited growth potential. We dem-
onstrated that the punctate nevi result from inducing GNAQQ209L 

expression in post-natal hair follicle melanocytes through "leaky" 
activity of CreER, which begins sometime between post-natal days 
4 and 35. This provides yet another example of a particular scenario 
of GNAQQ209L sensitivity. We note that "leaky" CreERT activity 
does not drive the formation of dermal tumors or leptomeningeal 
lesions, because they were never observed in Rosa26-fs-GNAQQ209L; 
Plp1-creERT mice not exposed to tamoxifen. Post-natal expression 
and "leaky" Plp1-creERT activity may be specific to epidermal mel-
anocytes and not non-epithelial melanocytes; however, this remains 
to be determined.

5  | CONCLUSION

The underlying mechanisms controlling melanocyte susceptibility to 
GNAQQ209L are of great interest. The anterior-to-posterior progres-
sion of neural crest cell development mirrors the same progression 
of lesion formation in the Plp1-creERT mouse model with tamox-
ifen treatment at either E9.5, E10.5, or E11.5. This suggests that 
GNAQQ209L sensitivity or resistance could be triggered by dramatic 
flux in transcriptional programs, such as when neural crest cells com-
mit to a melanocyte cell fate or when melanocyte stem cells in hair 
follicles are triggered to differentiate in post-natal skin. Our work 
suggests that for melanocytic neoplasms with GNAQ mutations, 
narrow windows of sensitivity to the oncogene during embryogen-
esis can influence tumor location in the body and the potential for 
malignant progression.
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Supplementary Figure 1. Latency of dermal tumors and hair follicle-associated punctate 

nevi. (A) Kaplan-Meier plot for dermal tumors. (B) Kaplan-Meier plot for punctate, hair follicle-

associated nevi. (C) Quantification of punctate nevi on trunk skin at endpoint. (One-way 

ANOVA, p-value<0.05*; ns, not significant). 
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Supplementary Figure 2. Leptomeningeal melanoma in Rosa26-fs-GNAQQ209L; Plp1-creERT 

mouse induced at E11.5 .  (A) Bleached and H&E stained section of the aggressive tumor 

presented in Figure 4 G-H. Green and yellow squares show indicated areas in greater 

magnification. (B) Lesion stained positive for the anti-melanoma antibody cocktail. 
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Supplementary Figure 3. Tomato expression in Plp1-creERT E9.5 induction model. (A) R26-fs-

Tomato; Plp1-creERT embryo induced with tamoxifen at E9.5 and dissected at E10.5. Tomato-positive 

cranial nerves and dorsal root ganglia are indicated. E, eye; OV, otic vesicle. (B-C) Midbrain-hindbrain 

junction in E10.5 Dct-LacZ (B) and R26-fs-Tomato; Plp1-creERT (C) embryos. (D) Tomato positive cells 

in the hindbrain and trigeminal nerve of an E10.5 R26-fs-Tomato; Plp1-creERT embryo induced at E9.5. 

(E-F) Area around the otic vesicle in E10.5 R26-fs-Tomato; Plp1-creERT embryo induced at E9.5 (E) and 

E10.5 Dct-LacZ embryo (F). (G-H) Trunk in E10.5 R26-fs-Tomato; Plp1-creERT embryo induced at 

E9.5 (G) and E10.5 Dct-LacZ embryo (H). 
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Supplementary Figure 4. Tomato expression in Plp1-creERT E11.5 induction model. (A) 

R26-fs-Tomato; Plp1-creERT embryo induced with tamoxifen at E11.5 and dissected at E12.5. 

Tomato-positive cranial nerves and dorsal root ganglia are indicated. E, eye. (B-D) Tomato 

positive nerves and individual migratory cells in the head and eye (B), trunk (C), and hind limb 

(D) of R26-fs-Tomato; Plp1-creERT embryo induced with tamoxifen at E11.5 and dissected at 

E12.5. (E-F) Individual migratory tomato positive cells lateral to (E) and dorsal to (F) the neural 

tube in R26-fs-Tomato; Plp1-creERT embryo induced with tamoxifen at E11.5 and dissected at 

E12.5. E and F represent different planes of focus of the same area. 
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Supplementary Figure 5. Efficiency of Plp1-creERT in trunk melanoblasts at E11.5 (A-B) 

Dct immunofluorescence in trunk sections from a R26-fs-Tomato; Plp1-creERT embryo induced 

with tamoxifen at E11.5 and harvested at E12.5. Upper trunk (A), lower trunk (B). Dct, green; 

Tomato, red; Dapi, blue. White arrows indicate melanoblasts that are both Tomato-positive and 

Dct-positive. (C) Quantification of the percentage of Dct-positive cells that were Tomato-

positive in the upper trunk versus the lower trunk. The trend for more Tomato-positive cells in 

the lower trunk was not significant. Results from two embryos were pooled. 
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Supplementary Figure 6. Plp1-creERT labeling of cells in the eye (A-B) Dct 

immunofluorescence in eyes sections from two R26-fs-Tomato; Plp1-creERT embryos induced 

with tamoxifen at E11.5 and harvested at E12.5. Embryo 1 (A), Embryo 2 (B). Dct, green; 

Tomato, red; Dapi, blue. As expected, Dct IF labels the retinal pigmented epithelium. Tomato 

positive cells are observed in the head around the eyes and in the space between the lens and the 

neural retina. Tomato positive cells are also present on the outer side of the retinal pigmented 

epithelium, where the future choroid will form. 
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Supplementary Figure 7. Tomato expression in Tyr-creERT2 E11.5 induction model. R26-fs-

Tomato; Tyr-creERT2 embryo induced with tamoxifen at E11.5 and dissected at E12.5. (A) 

Section from the eye showing Tomato expression in the area of the future retinal pigmented 

epithelium. (B) Section from the trunk showing a rare Tomato-positive cell ventral to the neural 

tube.  
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Supplementary Figure 8. Effect of GNAQQ209L expression during embryogenesis. (A) +/+; 

Plp1-creERT/+; Dct-LacZ/+ (top row) and R26-fs-GNAQQ209L/+; Plp1-creERT/+; Dct-LacZ/+ 

(bottom row) embryos induced with tamoxifen at E11.5, dissected at E12.5, and stained with X-

gal. Dct-LacZ stains melanoblasts and nerves in the caudal part of the body. Yellow boxes 

indicate areas of enlargement. While nerve staining was unaffected, there were fewer LacZ-

positive cells migrating at the surface of the R26-fs-GNAQQ209L/+; Plp1-creERT/+; Dct-LacZ/+ 

embryos. 
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Supplementary Figure 9. GNAQQ209L expression during embryogenesis decreases the 

density of LacZ-positive melanoblasts in the skin. Quantification of the density of LacZ-

positive cells in the flank skin of whole mount +/+; Plp1-creERT/+; Dct-LacZ/+, R26-fs-

GNAQQ209L/+; Plp1-creERT/+; Dct-LacZ/+, and pooled additional controls (R26-fs-

GNAQQ209L/+; +/+; Dct-LacZ/+ and +/+; +/+; Dct-LacZ/+) induced with tamoxifen at E11.5, 

dissected at E12.5, and stained with X-gal. Area that was sampled is indicated by yellow boxes 

in Supplementary Figure 8. n equals the number of embryos examined. (One-way ANOVA, p-

value<0.01**; <0.001***). 
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Supplementary Figure 10. GNAQQ209L expression initiated during embryogenesis decreases 

melanoblasts, but does not affect dorsal root ganglia nerve extension length. (A) Sections of 

+/+; Plp1-creERT/+; Dct-LacZ/+ and R26-fs-GNAQQ209L/+; Plp1-creERT/+; Dct-LacZ/+ 

embryos induced with tamoxifen at E11.5, dissected at E12.5, stained with X-gal, and counter 

stained with eosin. (B) Quantification of the number of LacZ-positive cells and length of nerve 

extensions in the sections showed decreased numbers of melanoblasts, but normal nerve roots. 

(One-way ANOVA, p-value<0.0001***, ns = not significant). (C) Sections of R26-fs-

Tomato/R26-fs-GNAQQ209L ; Plp1CreERT/+ trunk skin induced with tamoxifen at E11.5 and 

dissected at P4 revealed fate mapped melanocytes in hair follicles. Blue = DAPI, Red=Tomato.  
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