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NF1-dependent disruption
of the blood-nerve-barrier is improved
by blockade of P2RY14

Jennifer Patritti-Cram,1,2 Eric P. Rahrmann,3 Tilat A. Rizvi,1 Katherine C. Scheffer,1 Timothy N. Phoenix,4

David A. Largaespada,5 and Nancy Ratner1,6,7,*
SUMMARY

The blood-nerve-barrier (BNB) that regulates peripheral nerve homeostasis is formed by endoneurial cap-
illaries and perineurial cells surrounding the Schwann cell (SC)-rich endoneurium. Barrier dysfunction is
common in human tumorigenesis, including in some nerve tumors.We identify barrier disruption in human
NF1 deficient neurofibromas, which were characterized by reduced perineurial cell glucose transporter 1
(GLUT1) expression and increased endoneurial fibrin(ogen) deposition. ConditionalNf1 loss in murine SCs
recapitulated these alterations and revealed decreased tight junctions and decreased caveolin-1 (Cav1)
expression in mutant nerves and in tumors, implicating reduced Cav1-mediated transcytosis in barrier
disruption and tumorigenesis. Additionally, elevated receptor tyrosine kinase activity and genetic dele-
tion of Cav1 increased endoneurial fibrin(ogen), and promoted SC tumor formation. Finally, when SC
lacked Nf1, genetic loss or pharmacological inhibition of P2RY14 rescued Cav1 expression and barrier
function. Thus, loss of Nf1 in SC causes dysfunction of the BNB via P2RY14-mediated G-protein coupled
receptor (GPCR) signaling.

INTRODUCTION

The blood-nerve-barrier (BNB) plays a crucial role in maintaining the homeostatic balance between the peripheral nervous system and the

systemic circulation, safeguarding the neural environment frompotential harm.Normal peripheral nerves contain nerve axons and supporting

Schwann cells (SCs), and endothelial cell-lined capillaries which are part of the BNB (Figure 1A).1,2 The endoneurial compartment is sur-

rounded by an additional barrier comprised layers of specialized perineurial cells that regulate diffusion through tight junctions and small

flask-shaped membrane vesicles called caveolae, in a process called transcytosis.3–7 Pathological breakdown of the perineurium barrier,

such as by nerve injury, disrupts nerve homeostasis, correlating with entry of serum factors and infiltration of immune cells into the endoneu-

rium that can lead to neuropathy.5,8,9,10 Perineurium disruption is a feature of injury-induced neuromas and some nerve tumors, including

schwannomas and cutaneous neurofibromas.11,12

Plexiform neurofibromas (PNFs) are tumors that grow within nerves and are a feature of individuals with neurofibromatosis type 1 (NF1), in

which loss ofNF1 in SCs elevates RAS-MAPK signaling downstream of receptor tyrosine kinase signaling and affects cAMP signaling.13 PNFs

are said to show an altered perineurium and sometimes invade adjacent tissue.12,14,15 However, immunohistochemical analysis of five plex-

iform neurofibromas previously showed low serumprotein deposition in the endoneurium,12 leaving the status of the perineuriumuncertain in

this setting. Here, we studied the pathology of the BNB in NF1 patient’s plexiform neurofibroma tumors and in our laboratory’s well-charac-

terized mouse model of NF1 associated plexiform neurofibroma, in which genetic deletion of Nf1 in Schwann cells drives inflammation and

fibrosis in peripheral nerves and the formation of paraspinal plexiform neurofibromas (PNF). In this Nf1 mouse model, invasion of immune

cells, largely macrophages, occurs and precedes tumor formation.16,17 The BNB has been poorly studied in either NF1 tumors and, indeed,

in many nerve pathologies.

An especially understudied aspect of peripheral nerve is the caveolae-mediated active transport through the cytoplasm of barrier cells.

Caveolae are non-clathrin-coated vesicular invaginations that pinch-off from the plasma membranes of cells. Caveolin-1 (Cav1) is the major

protein constituent of caveolae, and increased Cav1 expression can stimulate transcytosis and thus permeability.18 However, loss of Cav1 is
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Figure 1. Human PNFs have a disrupted BNB with reduced GLUT-1 staining and fibrinogen deposition

(A) Schematic of cross-section of normal peripheral nerve. The perineurium surrounds the endoneurium, containing axons and Schwann cells (small axons are

collected into Remak bundles; large axons are myelinated) and endoneurial capillaries (blood vessel).

(B) Anti-GLUT-1 immunostaining of normal human peripheral nerve and plexiform neurofibroma sections (DAB staining: brown (black arrows point to the

perineurium) (normal human peripheral nerve n = 3; plexiform neurofibroma n = 10).

(C) Quantification of GLUT1+ staining in the endoneurium (Student’s t test; **** = p < 0.0001) (normal human peripheral nerve n = 3; plexiform neurofibroma

n = 10).

(D) Quantification of GLUT1+ staining in the perineurium (Student’s t test; **** = p < 0.0001) (normal human peripheral nerve n = 3; plexiform neurofibroma

n = 10).

(E) Anti-fibrin/fibrinogen immunostaining of normal human peripheral nerve and plexiform neurofibroma sections (DAB staining: brown) (normal human

peripheral nerve n = 3; plexiform neurofibroma n = 10).

(F) Quantification of fibrinogen/fibrin in the endoneurium (Student’s t test; ***p = 0.0002) (normal human peripheral nerve n = 3; plexiform neurofibroma n = 10).

(G) Whole-transcriptome analysis in normal human peripheral nerve and plexiform neurofibroma tumor tissue showing reduced expression of BBB/BNB genes

Cldn-5, Aqp1, Adipoq, and Cldn3.

(H) Normal human peripheral nerve and plexiform neurofibroma tumor sections stained with anti-PKA-P-substrate (DAB staining: brown) showing reduced

staining in PNF (normal human peripheral nerve n = 3; plexiform neurofibroma n = 3).

(I) Quantification of pPKA in the endoneurium (Student’s t test; **p = 0.0010) (normal human peripheral nerve n = 3; plexiform neurofibroma n = 3).

(J) Quantification of pPKA in the perineurium (Student’s t test; ***p = 0.0002) (normal human peripheral nerve n = 3; plexiform neurofibroma n = 3).

(K) a2 macroglobulin staining in normal human peripheral nerve and plexiform neurofibroma tumors. (normal human peripheral nerve n = 6; plexiform

neurofibroma n = 12).

(L) Quantification of a2 macroglobulin staining in normal human peripheral nerve and plexiform neurofibroma tumors (Student’s t test, n.s p = 0.1031) (normal

human peripheral nerve n = 6; plexiform neurofibroma n = 12).

(M) IgA staining in normal human peripheral nerve and plexiform neurofibroma tumor. (normal human peripheral nerve n = 6; plexiform neurofibroma n = 14).

(N) Quantification of IgA staining in normal human peripheral nerve and plexiform neurofibroma tumor. (Student’s t test, n.s p = 0.671) (normal human peripheral

nerve n = 6; plexiform neurofibroma n = 14).
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known to also increase permeability in the blood brain barrier.19 Caveolin function may therefore differ based on cell specificity and physi-

ological context, including in the nerve/tumor microenvironment. In perineurial cells, caveolae function is to transport substances toward,

and possibly also away from, the endoneurium.20 Caveolin is known to inhibit downstream activation signals inside cells, including H-Ras,

MAPK, eNOS, and c-Src.21–24 In addition, caveolin binds Gaq-GDP and PKA, resulting in inhibition of PKA signaling. Thus, endothelial cells

lacking Cav1 increase intracellular cAMP levels.25,26 As caveolin controls intracellular signaling pathways that regulate cell survival, prolifer-

ation, and intracellular transport, it has been hypothesized that perturbations in Cav1 expression and/or function play important roles in hu-

man disease.6,27 Here, we explore the role that Cav1 plays in the BNB.

Cav1 is also known to be regulated by purinergic receptors.28 However, in mammals, purinergic receptors play dichotomous roles. Acti-

vation of some purinergic receptors stabilizes endothelial barrier function, while chronic activation of other purinergic receptors disrupts bar-

rier function.29–34 Activation of purinergic signaling occurs under pathological conditions when nucleotides (e.g., ATP, UTP, adenosine) are

released from injured cells and activate purinergicGPCRs on nearby cellsmodulate intracellular cAMP signaling, and other pathways linked to

changes in barrier function.35 The relationship is complex. For example, increasing adenosine levels leads to increases in mouse blood-brain-

barrier (BBB) permeability,36 yet protects against development of brain edema and leukocyte infiltration.37 Here, we studied the purinergic

receptor P2RY14. P2RY14 is a UDP-glucose receptor that signals through Gi to inhibit adenylate cyclase and decrease intracellular levels of

cAMP.38 P2RY14-RAS pathway crosstalk also results in altered RAS signaling in the context of Nf1 loss in Schwann cells.39 In brain microvas-

cular endothelial cells that express P2RY14, receptor activation induces a pro-inflammatory response.40

Here, we tested the hypothesis that P2RY14, and/or caveolin, regulate BNB function after loss ofNf1 in SCs. We show that in human plex-

iform neurofibroma tumors and in a mouse model of NF1, that the BNB in the peripheral nerves and neurofibroma tumors is leaky. These

findings are supported by increased fibrin(ogen) in the endoneurium. We also found that Nf1 loss in SCs also decreases BNB components

associated with a restrictive barrier including reduced organization of Z01 and the absence of morphologically defined tight junctions

(TJs) in perineurial cells, and decreased Cav1 expression and morphologically defined caveolae. Notably, genetic loss of Cav1 was sufficient

to promote barrier disruption, and tumor formation, when receptor tyrosine kinase-driven RAS signaling was elevated in SCs. Finally, we

conclude that genetic and pharmacological approaches define P2RY14 as a targetable receptor that can rescue BNB function in NF1.

RESULTS

Human plexiform neurofibromas have a disrupted BNB

In the normal nerve, Schwann cells, axons, and capillaries in the endoneurium are surrounded by a perineurium comprised fibroblast-like cells

connected by tight junctions (schematic, Figure 1A). To determine the status of the perineurium, we first evaluated the expression of glucose

transporter 1 (GLUT1), a marker of barrier integrity, in tissue sections of normal human nerve and PNF tumors.14,41,42 Anti-GLUT1 immuno-

reactivity was significantly reduced (2-fold) in both the endoneurium and the perineurium in PNF tumors versus normal nerve (Figures 1B–

1D). To assess if the BNBwas disrupted and caused a ‘‘leaky’’ phenotype, we stained adjacent sections with anti-fibrinogen/fibrin. Fibrinogen

is a serum protein normally excluded by intact barriers.43 Human PNFs showed a significant (2-fold) increase in fibrin deposition in the endo-

neurium, compared to normal nerve (Figures 1E and 1F). Whole-transcriptome analysis in human peripheral nerve from normal individuals,

versus PNF from individuals with NF1, revealed reduced expression of known BBB and BNB genes including CLDN5, AQP1, ADIPOQ, and

CLDN3 (Figure 1G).We alsomeasured cAMP-dependent protein kinase A (PKA) in the human normal peripheral nerve and in human PNFs, as

cAMP-pPKA is known to be required for formation and maintenance of barrier integrity in many systems.32,44 PKA substrate phosphorylation

(using anti p-PKA substrate antibody) was used as an indirect readout of cAMP levels. Compared to human normal peripheral nerve, PNFs

showed significantly reduced p-PKA substrate expression in both the tumor endoneurium and the perineurium (Figure 1H–J).

Next, to understand to what extent the BNB is disrupted in PNFs, we tested if high molecular weight proteins a2 macroglobulin (MW =

820,000 kd) and immunoglobulin A (MW=900,000) are present in the endoneurium. The presence of thesemolecules correlates to the level of

‘‘leakiness’’ of the nerve barriers.45,46 Staining with anti-a2 macroglobulin was significantly (*p = 0.0314) increased in most human neurofi-

bromas versus nerve (Figures 1K and 1L). In contrast, staining with anti-immunoglobulin A did not differ between PNFs and normal nerve

(p = 0.671); Figures 1M and 1N). These results show that fibrinogen marks the leak in neurofibromas, and that some plexiform neurofibroma

tumors also show striking leakage of the highmolecular weight protein a2 macroglobulin. Thus, the BNB is compromised in plexiform neuro-

fibroma tumors, and the degree of ‘‘leakiness’’ varies among tumors.

The BNB is disrupted in a mouse model of NF1

To understand if the BNB disruption is occurring due to the physical presence a tumor mass or due to altered cellular signaling processes, we

decided to assess the BNB in the peripheral nerves of a well-characterized mouse model of NF1.47 In this mouse model, Cre recombinase is

expressed from desert hedgehog (Dhh) regulatory sequences to genetically delete the conditionally expressed Nf1 allele (Nf1fl/fl) in devel-

oping SCs at embryonic day 12.5.47 Peripheral nerves, independent of tumor formation, become abnormal in this model, showing loss of

axon-SC interaction in Remak bundles, mast cell, and macrophage accumulation, and nerve fibrosis.17 Nf1fl/fl;Dhh+ mice develop cervical

paraspinal PNFs by 4-month of age. PNF tumors enlarge over time, compressing the spinal cord and causing paralysis, with mice necessi-

tating sacrifice beginning around 7-month of age.47

We assessed nerve structure in semi-thin sections inWT and Nf1fl/fl;Dhh+mice saphenous nerve and sciatic nerve, where tumors do not

form.WTmice present organized perineuriummorphology in both semi-thin section and in electronmicrographs (EM); no striking alterations

were observed in Nf1fl/fl;Dhh+ mutant nerves (Figure 2A). Neither perineurial width nor numbers of perineurial layers were significantly
iScience 27, 110294, July 19, 2024 3



Figure 2. Nf1fl/fl; Dhh+ mice have disrupted BNB, decreased TJ numbers, increased fibrinogen deposition, and reduced caveolin

(A) Top, saphenous nerve semi-thin sections 7-month WT and Nf1fl/fl;Dhh+ (arrows point to the perineurium). Bottom, electron micrographs showing a similar

area.

(B) Anti-Glut1 staining in 7-monthWT andNf1fl/fl;Dhh+ sciatic nerve (large arrow indicates the perineurium; small arrows indicate Glut1+ endoneurial capillaries;

WT n = 3; Nf1 fl/fl Dhh+ n = 3).

(C) Anti-fibrinogen (green) and anti-CD31 (purple) staining (arrows point to CD31+ endoneurial capillaries) in 7-month WT and Nf1fl/fl;Dhh+ sciatic nerve. (WT

n = 3; Nf1 fl/fl Dhh+ n = 3).

(D) Anti-Caveolin antibody staining in 7-month WT and Nf1fl/fl;Dhh+ sciatic nerve. (WT n = 3; Nf1 fl/fl Dhh+ n = 3).

(E) Electron micrograph showing caveolae in perineurial cells in 7-month WT and Nf1fl/fl;Dhh+ saphenous nerve (black arrows show caveolae invaginating and

inside perineurial cells) (WT normal nerve n = 3; Nf1fl/fl;Dhh+ plexiform neurofibroma n = 3).

(F) Quantification caveolae per field of view in 7-monthWT andNf1fl/fl;Dhh+ saphenous nerve (Student’s t test,*p% 0.05) (WT normal nerve n = 3;Nf1fl/fl;Dhh+

plexiform neurofibroma n = 3).
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Figure 2. Continued

(G) Electron micrograph showing TJs between perineurial cells in 7-month WT and Nf1fl/fl;Dhh+ saphenous nerve. Red arrows highlight a tight junction in a in

7-month WT saphenous nerve perineurium; TJs are largely missing between perineurial cells in mutant nerve (WT normal nerve n = 3; Nf1fl/fl;Dhh+ plexiform

neurofibroma n = 3).

(H) Quantification of tight junctions per field of view in 7-month WT and Nf1fl/fl;Dhh+ saphenous nerve (Student’s t test,***p = 0.0007) (WT normal nerve n = 3;

Nf1fl/fl;Dhh+ nerve n = 3).

(I) Heatmap of gene expression in single perineurial cells from 7-month mice wild type nerve/dorsal root ganglia and plexiform neurofibroma tumor, using RNA-

Seq.
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altered in saphenous nerve sections (Figure S1A). However, Nf1fl/fl;Dhh+ mice perfused with a 10kDa blue dextran showed a slight leak of

blue dextran into the nerve endoneurium in 7-month-old mice which was not observed in controls, suggesting a compromised BNB (Fig-

ure S2C). Minor accumulation of dextrans is consistent with robust, rapid, uptake into nerve macrophages.3

We evaluated BNB integrity by assessing GLUT-1 and fibrinogen expression. Nf1fl/fl;Dhh+ mice showed reduced and patchy GLUT-1

expression in endoneurial capillaries (small arrows) and perineurial cells (large arrow) relative to WT control mice (Figure 2B), consistent

with disrupted barrier function. We also assessed the expression of tight junctions in these mice. Staining ofWT andNf1fl/fl;Dhh+ tissue sec-

tions with antibodies recognizing a major tight junction protein, Z0-1 revealed disorganized tight junctions in Nf1fl/fl;Dhh+ mice, similarly

consistent with disrupted barrier function (Figure S1B). Importantly, fibrinogen immunoreactivity was strikingly increased in the endoneurium

ofNf1fl/fl;Dhh+ nerves versus wild type controls (Figure 2C). CD31+ endoneurial vessel number was not significantly changed inNf1fl/fl;Dhh+

mice compared to WT control mice (Figure 2C and Figure S1C).

To test if transcytosis might be affected by Nf1 loss in Schwann cells, we immunostained WT and Nf1fl/fl;Dhh+ sciatic nerves with anti-

caveolin1 (CAV-1). CAV-1 staining, which was robust in the control perineurium and endoneurium, was dramatically reduced in Nf1fl/fl;Dhh+

nerve (Figure 2D). Quantification of caveolae per field of view at the electron micrograph level in saphenous nerve verified this result

(Figures 2E and 2F). To determine if tight junctions are also affected, we quantified TJ in saphenous nerve electron micrographs. WT nerve

showed numerous TJs in the perineurium, but TJs were difficult to identify inNf1fl/fl;Dhh+ nerve (Figure 2G). Quantification verified a reduc-

tion of TJs in the perineurium ofNf1fl/fl;Dhh+ nerves versusWT controls (Figure 2H). Single cell RNA sequencing analysis of perineurial cells

from WT control and Nf1 fl/fl Dhh+ neurofibromas obtained from existing data (GEO Accession #181985), verified perineurial cell de-regu-

lation of BNB-related gene expression, including decreased expression of Aqp1, Fgf1, the Tjp1, and increased expression of Il1b (Figure 2I).

These results indicate that, as in human tumors, the genetic deletion ofNf1 in Schwann cells compromises the BNB. These phenotypes occur

in nerve, in the absence of tumor formation and correlatedwith altered perineurial cell gene expression and reduced numbers of both TJs and

caveolae in Nf1fl/fl;Dhh+ perineurial cells.
Loss of Cav-1 increases BNB permeability when RTK signaling is increased in Schwann cells

The decrease in caveolin expression seen in Nf1fl/fl;Dhh+ mice nerve was of interest to us because caveolin is known to modulate RAS and

cAMP signaling relevant toNF1. Also, we had previously identifiedCav1 as a putative tumor suppressor gene in a transposon-mediatedmuta-

genesis screen for neurofibroma formation.48 Therefore, we analyzed in more detail the mutagenic transposon insertions into the Cav1 gene

from neurofibroma samples and found that each insertion predicted either loss of function through disruption of transcription (5/8) or expres-

sion of a truncated transcript (3/8) (Figure 3A). We then analyzed existing microarray data (GEO Accession # GSE14038) and found that Cav1

expression was significantly reduced in mouse models of NF1-associated PNF when compared to normal mouse nerves (****p < 0.05) (Fig-

ure 3B). Therefore, we tested if deletion of Cav1 would exacerbate BNB disruption induced by elevated RTK signaling in Schwann cells.

CNPase-hEGFR transgenic mice express the human epidermal growth factor receptor (hEGFR) in SCs in peripheral nerve.49 Nerves show

Remak bundle disruption and nerve fibrosis characteristic of human PNF, but tumors form in only 5% of mice.49 CNPase-hEGFR;Cav1+/�

mice showed increased fibrinogen expression in the endoneurium, whichwas further elevated as compared to eithermutant alone (Figure 3C;

3D). However, GLUT-1 expression did not change significantly in these mice (data not shown).

cAMP is known to play a role in integrity of barriers which can be regulated by caveolin. Previously, it has been shown that PKA substrate

staining, an indirectmeasure of cAMP/PKAactivity is reduced inNf1fl/fl;Dhh+ SCs.39 Here, we found that in nerves fromCNPase-hEGFRmice,

p-PKA substrate staining was also decreased relative to control, but was rescued in CNPase-hEGFR;Cav1+/� double mutants (Figures 3E and

3F). Thus, when Cav1 expression is reduced, EGFR-mediated signals correlate with normalized cAMP levels, yet enables barrier dysfunction.

This result implies that reducing cAMP correlates with, but is not necessary, for barrier dysfunction. Rather, as reducing Cav1 also increases

signaling through RTKs, including EGFR,21,50 we hypothesize that increased tyrosine kinase signaling accounts for the increased leak in dou-

ble mutants.

EGFRmice are predisposed to PNF formation and transformation tomalignant peripheral nerve sheath tumors (MPNST), as observedwith

increasing EGFR gene dosage51 or breeding tomice lacking certain tumor suppressor genes.48,52 InCav1�/�mice crossed to CNPase-hEGFR

transgenic mice, there was a significant increase in the size of the paraspinal dorsal root ganglia (DRG) of CNPase-hEGFR;Cav1+/� and

CNPase-hEGFR;Cav1�/� mice compared to the littermate controls by 7-month of age, consistent with neurofibroma formation

(Figures S4A and 4B). Histological analysis showed that loss of Cav1 (in at least one allele) resulted in disorganized nerve morphology char-

acteristic of PNFs, exemplified by H&E and S100 staining (Figure S4C,4D). Based on these data, we conclude that in peripheral nerves, in

addition to its role in barrier maintenance, Cav1 acts as a tumor suppressor.
iScience 27, 110294, July 19, 2024 5



Figure 3. Loss of one allele of Cav1 in CNPase-hEGFR mice causes fibrin deposition and rescues low P-PKA caused by EGFR alone

(A) Schematic of T2/Onc insertion sites within the Cav1 gene from an SB screen for neurofibroma (black arrows) and grade 3 PNSTs (red arrows). The direction of

gene transcription is left to right. Arrow heads represent the direction of the MSCV 50 LTR promoter region within T2/Onc compared to the direction of gene

transcription. The schematic predicts that Cav1 expression is disrupted in SB-induced tumors.

(B) Analysis of microarray expression ofCav1 in neurofibroma tumors from diverse mouse models versus nerves from littermate mice (nerve) shows reduced Cav1

mRNA expression in PNF (****p < 0.05).

(C) Anti-fibrinogen/fibrin staining in sciatic nerve sections from Cav1+/�, CNPase-hEGFR and Cav1+/�,CNPase-hEGFR mice. (Cav1+/� n = 2; CNP-hEGFR n = 2;

Cav1+/� CNP-hEGFR n = 5).

(D) Quantification of anti-fibrinogen/fibrin staining in sciatic nerve sections (*p = 0.0376; ***p = 0.0004) (Cav+/� n = 2; CNP-hEGFR n = 2; Cav1+/� CNP-hEGFR

n = 5).

(E) Anti-P-PKA substrate staining in sciatic nerve sections from Cav1+/�, CNPase-hEGFR and Cav1+/�,CNPase-hEGFR mice. (Cav1+/� n = 2; CNP-hEGFR n = 2;

Cav1+/� CNP-hEGFR n = 5).

(F) Quantification of anti-P-PKA substrate staining in sciatic nerve sections from Cav1+/�, CNPase-hEGFR and Cav1+/�,CNPase-hEGFR mice (**p = 0.0190)

(Cav+/� n = 2; CNP-hEGFR n = 2; Cav1+/� CNP-hEGFR n = 5). Statistics: one-way ANOVA in all panels.
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P2ry14 deletion in Nf1fl/fl;Dhh+ mice restore BNB morphology, reduces fibrinogen deposition and rescues Cav1

expression

G-protein coupled receptor signaling also modulates both cAMP and RTK downstream signaling. We hypothesized that GPCR signaling in

Nf1fl/fl;Dhh+ nervemight contribute to reduced caveolin and increased BNB permeability in NF1. Purinergic receptor P2RY14 inhibits adeny-

late cyclase and reduces intracellular levels of cAMP. We recently found that this purinergic receptor is a critical regulator of cAMP levels in

Nf1fl/fl;Dhh+ endoneurial SCs.39 To test whether P2ry14 has effects on the BNB in the context of NF1 loss, we generated P2ry14�/�;Nf1fl/fl;

Dhh+ mice. In P2ry14�/� mice, most of the coding region of P2ry14 is replaced by a b-galactosidase (b-gal) cassette, so that b-gal is a
6 iScience 27, 110294, July 19, 2024
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Figure 4. P2ry14 knockout in Nf1fl/fl; Dhh+ mice restores BNB morphology, reduces fibrinogen deposition and increases Cav1 expression

(A) b-galactosidase immunofluorescent staining of 7-month-old Nf1fl/fl;Dhh+ and P2ry14�/�;Nf1fl/fl;Dhh+ sciatic nerve shows P2RY14 knockdown (dotted lines

denote the perineurium; Nf1 fl/fl DhhCre n = 3; P2ry14�/�;Nf1fl/flDhh+ n = 3).

(B) Nerve semi-thin sections and electron micrographs of 7-month Nf1fl/fl;Dhh+ and P2RY14�/�;Nf1fl/fl;Dhh+ saphenous nerve showing perineurium structure

(arrows denote perineurium).

(C)ElectronmicrographshowingTJs (arrow) in7-monthNf1fl/fl;Dhh+andP2RY14�/�;Nf1fl/fl;Dhh+ saphenousnerve (Nf1fl/flDhh+n=3;P2RY14Nf1fl/flDhh+n=3).

(D) Quantification of TJs per field of view (**p = 0.0021; ***p = 0.0007; one-way Anova) (WT n = 3; Nf1 fl/fl Dhh+ n = 3; P2ry14�/�;Nf1fl/fl;Dhh+ n = 3).

(E) Anti-Glut1 immunofluorescent staining of 7-month Nf1fl/fl;Dhh+ and P2ry14�/�;Nf1fl/fl;Dhh sciatic nerve (arrows indicate Glut1+ endoneurial capillaries).

(Nf1 fl/fl Dhh+ n = 3; P2ry14�/�;Nf1fl/fl;Dhh+ n = 3).

(F) Anti fibrin/fibrinogen and anti-CD31 staining in 7-monthNf1fl/fl;Dhh+ and P2ry14�/�;Nf1fl/fl;Dhh sciatic nerve. Arrows point to CD31+ endoneurial capillaries,

some of which are shown at increased magnification below boxed regions of the images (Nf1 fl/fl Dhh+ n = 3; P2ry14�/�;Nf1fl/fl;Dhh n = 3).

(G) Quantification of CD31+ endoneurial vessels in 7-monthNf1fl/fl;Dhh+ and P2ry14�/�;Nf1fl/fl;Dhh sciatic nerve (p = n.s.; un-paired t-test) (Nf1 fl/fl Dhh+ n = 3;

P2ry14�/�;Nf1fl/fl;Dhh n = 3).

(H) RNAseq showing Cav1 expression in nerve from 4-month-old WT, P2ry14�/�, Nf1fl/fl;Dhh+ and P2ry14�/�;Nf1fl/fl;Dhh+ sciatic nerve normalized to control

wild-type mice. (WT n = 3, P2ry14�/� n = 3, Nf1fl/fl;Dhh+ n = 3 and P2ty14�/�;Nf1fl/fl;Dhh+ n = 3).

(I) Anti-Caveolin immunofluorescent staining within 7-month WT and Nf1fl/fl;Dhh+ sciatic nerve shows that in WT nerves, Cav-1 expression is increased and

localized to both the perineurium and the endoneurium. Cav-1 expression is reduced in Nf1 fl/flDhh+ sciatic nerve and rescued by genetic deletion of

P2ry14. (WT n = 3, Nf1fl/fl;Dhh+ n = 3 and P2ry14�/�;Nf1fl/fl;Dhh+ n = 3).

(J) Quantification of caveolae per field of view at the EM level in 7-month saphenous nerves (p = n.s. One-way Anova) (WT n = 3; Nf1fl/fl;Dhh+ n = 3; P2ry14�/�;
Nf1 fl/fl Dhh+ n = 3).

(K) anti-pPKA substrate immunofluorescent staining in 7-monthWT and Nf1fl/fl;Dhh+ sciatic nerve shows that inWT nerves, pPKA expression is localized to the

perineurium (between dotted lines) as well as the endoneurium. Staining is reduced in Nf1fl/fl;Dhh+ perineurium and endoneurium and rescued by genetic

deletion of P2RY14. (WT n = 3; Nf1fl/fl;Dhh+ n = 3; P2ry14�/�;Nf1fl/fl;Dhh+ n = 3). All stats Student’s t test (Unpaired t-test) in all panels, n = numbers of

individuals.
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surrogate marker of P2ry14 gene expression.53 Beta-galactosidase staining was detected largely in the endoneurium in SCs, as shown pre-

viously.39 In addition, close analysis showed that staining was also detectable in perineurial cells (between dotted lines) (Figure 4A). In saphe-

nous nerve semi-thin sections, and in electron micrographs, P2ry14�/�;Nf1fl/fl;Dhh+ nerves showed similar morphology to that ofWT nerves,

with a well-organized perineuriummorphology (Figure 4B). Strikingly, the number of TJs per field of view (Figures 4C and 4D), GLUT1 immu-

noreactivity (Figure 4E), and fibrinogen deposition (Figure 4F) were rescued in P2ry14�/�;Nf1fl/fl;Dhh+ nerves. No difference was observed in

the number of CD31+ endoneurial vessels between cohorts (Figures 4F and 4G).

To determine if P2RY14 affects perineurial cell transcytosis in the context of Nf1 loss in SCs we performed RNA sequencing of cDNA pre-

pared from 4-month sciatic nerves. LowCav-1 transcript levels inNf1fl/fl;Dhh+ nerves were increased in the doublemutant nerves (Figure 4H).

We also stained sciatic nerve sections from 7-month-old mice with anti-caveolin. Double mutant P2ry14�/�;Nf1fl/fl;Dhh+mice showed a par-

tial increase caveolin expression in both the perineurium and the endoneurial space, with levels approaching those of WT nerve (Figure 4I).

We measured perineurial cell caveolae numbers at the electron micrograph level in the saphenous nerve, and verified a partial rescue of cav-

eolae (Figure 4J). Correlating with known effects of P2RY14 signaling, p-PKA substrate staining (Figure 4K) increased in both the perineurium

and the endoneurium in the P2ry14�/�;Nf1fl/fl;Dhh+ nerve. Thus, in the Nf1fl/fl;Dhh+ neurofibroma mouse model, genetic deletion of puri-

nergic receptor P2RY14 improves nerve perineurium morphology, partially rescues fibrinogen deposition, rescues TJs, and partially rescues

Cav-1 expression, phenotypes which correlate with BNB permeability.

Pharmacological inhibition of P2RY14 restores nerve p-PKA and Cav1 expression

We tested if short-term pharmacological inhibition of the P2RY14 receptor is sufficient to restore the BNB in Nf1fl/fl;Dhh+ mice. We treated

4-month-old Nf1fl/fl;Dhh+ mice with the P2RY14 inhibitor PPTN (4-[4-(4-piperidinyl)phenyl]-7-[4-(trifluoromethyl)phenyl]-2-naphthalenecar-

boxylic acid) hydrochloride54 for 14 days (Figure 5A). Confirming treatment efficacy, p-PKA substrate staining increased to near WT levels

in PPTN treated mice, in both the perineurium (dotted lines) and, as previously described, the endoneurium39 (Figure 5B). Fibrinogen depo-

sition did not noticeably change after treatment, likely due to the brevity of PPTN treatment (Figure 5C). Notably, caveolin immunoreactivity

increased in the perineurium after this short-term treatmentwith the P2RY14 inhibitor PPTN (Figure 5D). Together, the data are consistent with

the hypothesis that P2RY14 regulates PKA and Cav-1 expression in the BNB in the absence of Nf1 in SCs. These data suggest a previously

unappreciated high degree of plasticity in the BNB regulated by purinergic signaling.

DISCUSSION

The mechanisms that control the maintenance of the BNB and that regulate nerve homeostasis remain incompletely understood.3,4,7,20,55,56

Understanding BNB regulationmay identify therapeutic targets to regenerate the damaged or compromised BNB found in neuropathies and

in nerve tumors. Our findings offer a clear demonstration that BNB integrity is regulated by SCs in a non-cell autonomous manner. We found

that Nf1mutant SCs, known to increase their production and release of growth factors,57,58 impacted the surrounding perineurial and endo-

thelial cells, leading to a ‘‘leaky’’ BNB. Supporting this idea, increasing RTK expression/signaling together with loss of Cav1 promoted barrier

dysfunction and nerve tumors. Reduced Cav1 in PNF is consistent with the idea that CAV1 functions as a tumor-suppressor in human colon

cancer, prostate cancer, and sarcomas.59–61 We also showed that cross-talk between SC Nf1-Ras signaling and GPCR signaling controls the
8 iScience 27, 110294, July 19, 2024



Figure 5. Pharmacological inhibition of P2RY14 restores nerve p-PKA and Cav1 expression

(A) Illustration of experimental design to treat mice with the P2RY14 inhibitor (PPTN) drug via osmotic minipump delivery to 4-monthWT andNf1fl/fl;Dhh+mice.

(B) Anti-p-PKA-substrate immunofluorescent sciatic nerve staining of 4-monthWT,Nf1fl/fl;Dhh+ (Vehicle) andNf1fl/fl;Dhh+ (PPTN treated) mice showing that p-

PKA expression is rescued to WT levels in PPTN treated mice.

(C) Anti-fibrinogen immunofluorescent staining with antibody is not changed with treatment.

(D) anti-caveolin immunofluorescent staining shows rescue by PPTN treatment in double mutants. (WT n = 3, Nf1fl/fl;Dhh+ (Vehicle) n = 3, and Nf1fl/fl;Dhh+

(PPTN treated) n = 3).
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BNB. Thus, afterNf1 loss, P2RY14 perturbs barrier function, at least in part through reducingCav1. Understanding these pathways should aid

in the re-establishment of the BNB to prevent nerve tumor progression and possibly to alleviate the debilitating effects of neuropathies.

Many PNFs are inoperable and enlargement of PNFs can cause profound nerve damage and/or compress nearby vital organs.62Whether a

compromised BNB contributes to neurofibroma growth remains an important unanswered question. Consistent with the idea that leak is

permissive for NF1-driven tumors, PNFs frequently form near peripheral ganglia and dermal neurofibromas form at cutaneous nerve endings;

both locations show increased leak as compared to nerve trunks.4 To address this, we used the Nf1fl/fl;Dhh+ mouse model. At 4-month of

age, when a few tumors begin to appear at cervical levels in this model,16,63 leak into the endoneurium becomes detectable in lumbar nerves.

Further, disruption of the BNB occurs not only in PNF, but also in the nerve of Nf1 mutant mice, where tumors do not form. Therefore, BNB

disruption is not sufficient to drive tumor formation. However, BNB disruption and tumor formation occur in tandem so that the timing of

phenotypes does not suggest that one causes the other.

Wealso found that signalingviaP2RY14 isa criticalmediatorofBNB integrity inNF1.Theproductionof factorsbymammalianSCaffecting the

BNB is exemplified by SC production of desert hedgehog, which contributes to formation of the perineurium during murine development

through interaction with the GPCR Patched.64 In the fly, the Amnesiac (amn) neuropeptide binds to and activates GPCR signaling.65 Amn

loss in fly’s nerves thickened the perineurial glia layer, an effect potentiated by loss of Nf1.66 Like our data, this suggests cross-talk between

RasandGPCR in interactionbetweenendoneurial SCand surroundingperineurial cells.Modulationof additionalGPCRmight, likeP2RY14, simi-

larly affect the BNB. IP10/CXCL10, a chemokine ligand for the GPCR CXCR3, is upregulated inNf1mutant SCs,16 and is a candidate factor for

affecting the BNB, as increases in IP10/CXCL10 correlate with dysfunction of the BNB in someperipheral neuropathies.67 However, whether the

rescueof all theeffectswedescribeon theBNBare causedbyP2RY14 inNf1mutant SCs is unclear. P2ry14expression is highest in nerveSCs, but

P2RY14 is also expressed in perineurial and endothelial cells. The development of P2RY14 conditional knockouts should determine if changes in

BNBpermeability are mediated by one or a combination of cell types.68 Even if not SC specific, current studies are consistent with the idea that

theBNBhasahigh-level ofplasticity, asmodulationofP2RY14 signaling, viagenetic deletionorpharmacological inhibition inourNf1 loss-driven

PNFmousemodel, led to partial normalization of BNBdisruption phenotypes. The availability of a therapeutic P2RY14 inhibitor compoundwith

improved properties should enable the study of the effects on PNF growth and clarify the long-term effects of P2RY14 inhibition on the BNB.

How caveolae and TJs are remodeled during BNB disruption and re-establishment in NF1 remains unclear. The BNB is maintained by TJs

between adjacent endothelial cells in the endoneurium, and between adjacent perineurial cells. Increasing transcytosis following nerve injury

or acutely elevating Raf in Schwann cells also promotes leak in the BNB.3Our finding of reducedCav1/caveolae correlating with a leaky BNB is

surprising given these results. However, loss of Cav1 also reduces junctional localization of tight junction proteins, accompanied by increased

paracellular permeability through adjacent endothelial cells, causing diminished expression and altered subcellular distribution ofmajor junc-

tional proteins. Indeed, we visualized mislocalized ZO-1 in the Nf1 fl/fl Dhh+ perineurium. In sum, primary effects on either TJs or caveolae

may contribute the leak observed; the interplay between TJs and caveolae in barrier function is likely to be important.
iScience 27, 110294, July 19, 2024 9
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The mechanism(s) underlying Cav1 mRNA and caveolin protein downregulation in the NF1 nerve are not clear. The NF1 protein neuro-

fibromin and Cav1 proteins may interact,69 so that in SCs lacking Nf1, Cav1 protein might be destabilized or mislocalized. Also, Nf1 loss

in SCs elevates RAS-MAPK signaling. Reducing Cav1 mRNA in SCs likely occurs downstream of Ras-GTP, as Ras-MAPK-driven lowering of

Cav1 increases Ras-MAPK signaling in other cell types.70 In NF1, such a feedforward loop is predicted to enhance BNB perturbation. In sup-

port of this idea, increasing RAS-MAPK signaling in SCs by EGFR expression failed to significantly perturb the BNB, yet reducing Cav1 in the

context of enhanced EGFR expression in SC (CNPase-EGFR) did perturb the BNB. We suggest that elevated RAS-MAPK signaling resulting

from reduced Cav1 expression results in barrier disruption.

Given that pharmacological blockade of the P2RY14 receptor improves NF1-dependent disruption of the BNB, therapies targeting

P2RY14 and/or its downstream effector signaling may be useful in treating NF1 patients, and more globally be useful in those afflicted

with debilitating neuropathies.

Limitations of the study

It remains unclear whether changes in BNB permeability are mediated by P2RY14 loss in one or a combination of cell types. Cell type-specific

conditional knockouts will be needed to test whether effects are in Schwann cells, perineurial cells, or both cell types. Additionally, the P2RY14

inhibitor we used to rescue BNB permeability is a tool compound with limited bioavailability. A P2RY14 inhibitor compound with improved

properties would allow definition of potential long-term effects of P2RY14 inhibition on the BNB, and of potential effects of P2RY14 blockade

on human neurofibromas.
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and Preat, T. (2020). Drosophila Middle-Term
Memory: Amnesiac is Required for PKA
Activation in the Mushroom Bodies, a
Function Modulated by Neprilysin 1.
J. Neurosci. 40, 4219–4229.

66. Yager, J., Richards, S., Hekmat-Scafe, D.S.,
Hurd, D.D., Sundaresan, V., Caprette, D.R.,
Saxton, W.M., Carlson, J.R., and Stern, M.
(2001). Control of Drosophila perineurial glial
growth by interacting neurotransmitter-
mediated signaling pathways. Proc. Natl.
Acad. Sci. USA 98, 10445–10450.

67. Shimizu, F., Oishi, M., Sawai, S., Beppu, M.,
Misawa, S., Matsui, N., Miyashiro, A., Maeda,
T., Takeshita, Y., Nishihara, H., et al. (2019).
Increased IP-10 production by blood-nerve
barrier in multifocal acquired demyelinating
sensory andmotor neuropathy andmultifocal
motor neuropathy. J. Neurol. Neurosurg.
Psychiatry 90, 444–450.

68. Battistone, M.A., Mendelsohn, A.C.,
Spallanzani, R.G., Allegretti, A.S., Liberman,
R.N., Sesma, J., Kalim, S., Wall, S.M.,
Bonventre, J.V., Lazarowski, E.R., et al. (2020).
Proinflammatory P2Y14 receptor inhibition
protects against ischemic acute kidney injury
in mice. J. Clin. Invest. 130, 3734–3749.

69. Boyanapalli, M., Lahoud, O.B., Messiaen, L.,
Kim, B., Anderle de Sylor, M.S., Duckett, S.J.,
Somara, S., and Mikol, D.D. (2006).
Neurofibromin binds to caveolin-1 and
regulates ras, FAK, and Akt. Biochem.
Biophys. Res. Commun. 340, 1200–1208.

70. Engelman, J.A., Zhang, X.L., Razani, B., Pestell,
R.G., and Lisanti, M.P. (1999). p42/44 MAP
kinase-dependent and -independent signaling
pathways regulate caveolin-1geneexpression.
Activation of Ras-MAP kinase and protein
kinase a signaling cascades transcriptionally
down-regulates caveolin-1 promoter activity.
J. Biol. Chem. 274, 32333–32341.

71. Edgar, R., Domrachev, M., and Lash, A.E.
(2002). Gene Expression Omnibus: NCBI
gene expression and hybridization array data
repository. Nucleic Acids Res. 30, 207–210.

http://refhub.elsevier.com/S2589-0042(24)01519-0/sref9
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref9
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref9
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref9
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref41
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref10
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref47
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref34
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref31
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref31
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref31
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref31
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref31
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref31
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref49
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref49
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref49
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref49
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref48
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref48
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref48
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref48
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref36
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref36
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref36
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref36
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref36
https://doi.org/10.1074/mcp.M200077-MCP200
https://doi.org/10.1074/mcp.M200077-MCP200
https://doi.org/10.1046/j.1365-2990.2002.00421.x
https://doi.org/10.1046/j.1365-2990.2002.00421.x
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref67
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref51
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref37
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref21
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref21
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref21
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref21
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref21
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref21
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref66
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref66
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref66
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref66
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref32
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref40
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref55
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref8
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref8
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref8
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref22
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref22
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref22
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref22
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref13
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref13
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref13
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref13
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref13
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref13
https://doi.org/10.1172/JCI19195
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref3
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref6
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref6
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref6
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref6
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref6
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref6
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref65
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref65
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref65
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref65
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref65
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref2
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref2
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref2
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref2
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref2
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref2
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref19
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref19
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref19
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref19
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref45
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref63
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref63
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref63
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref63
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref63
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref63
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref68
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref58
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref4
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref7
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref7
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref7
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref7
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref7
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref7
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref18
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref17
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref17
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref17
http://refhub.elsevier.com/S2589-0042(24)01519-0/sref17


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Glut1 antibody Abcam Cat#ab115730; RRID: AB_10903230

Anti-Fibrin(ogen) Agilent DAKO Cat#: A008002-2; RRID: AB_2894406

Anti-CD#! BD Biosciences Cat#: 553370; RRID: AB_394816

Anti-pPKA substrate Cell Signaling Cat#: 9621S; RRID: AB_330304

Anti-Cav1 Cell Signaling Cat#:3238S; RRID: AB_2072166

Anti-CD45 Novus Biologicals Cat# 100-77417; RRID: AB_1724173

Anti-b-galactosidase Thermo Fisher Cat#: A-11132; RRID: AB_221539

Anti-Iba-1 Wako Chemicals Cat#: 019-19741; RRID: AB_839504

Anti-Claudin-5 ThermoFisher Scientific Cat# 341600; RRID: AB_2533157

Anti-ZO-1 ThermoFisher Scientific Cat#: 402200; RRID: AB_431613

Anti-IgA Cell Signaling Cat # 50384

Anti-alpha 2 macroglobulin Cell Signaling Cat # 71610

Biological samples

Human nerve Cincinnati Children’s Hospital This paper.

Human plexiform neurofibroma tumors Cincinnati Children’s Hospital This paper.

Chemicals, peptides, and recombinant proteins

P2RY14 inhibitor (PPTN-HCl:4-[4-(4-

Piperidinyl]-7-[4-(trifluoromethyl)phenyl]-2-

naphthalenecarboxyliv acid hydrochloride)

TOCRIS Cat #: 4862

Deposited data

mouse RNA-Seq data NCBI’s Gene Expression Omnibus

(Edgar, Domrachev, & Lash, 2002)

GEO Accession #189189

Mouse single cell RNAseq NCBI’s Gene Expression Omnibus

(Edgar, Domrachev, & Lash, 2002)

GEO Accession #189189

Single cell RNA-Seq NCBI’s Gene Expression Omnibus

(Edgar, Domrachev, & Lash, 2002)

GEO Accession #181985

Human microarray data NCBI’s Gene Expression Omnibus

(Edgar, Domrachev, & Lash, 2002)

GEO Accession #: GSE14038

Experimental models: Organisms/strains

Mouse: C57Bl/6 mice The Jackson Laboratory Strain #: 000664

Mouse: Nf1fl/fl; Dhh+ Cincinnati Children’s Hospital

and Medical Center

Wu et al., 2008

Mouse: P2ry14+/-;Nf1fl/fl;Dhh+ Cincinnati Children’s Hospital

and Medical Center

Patritti-Cram et al., 2022

Mouse: P2ry14-/-;Nf1fl/fl; Dhh+ Cincinnati Children’s Hospital

and Medical Center

Patritti-Cram et al., 2022

Mouse: Cav1+/- University of Minnesota Ling et al., 2005

Mouse: CNPase-hEGFR University of Minnesota Ling et al., 2005

Mouse: Cav1+/-,CNPase-hEGF University of Minnesota Ling et al., 2005

Software and algorithms

ImageJ Schneider et al. https://imagej.nih.gov/ij/
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Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Nancy Ratner, PhD

(nancy.ratner@cchmc.org).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� The mouse RNA-Seq and single cell RNAseq data generated for this publication have been deposited in NCBI’s Gene Expression

Omnibus71 GEO Accession #189189 and are publicly available as of the date of publication. Single cell RNA-Seq data is available at

GEO Accession #181985 and are publicly available as of the date of publication. Humanmicroarray data is available at GEO Accession

# GSE14038 and are publicly available as of the date of publication.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We housed mice in a temperature and humidity-controlled vivarium on a 12hr dark-light cycle with free access to food and water. The animal

care and use committee of Cincinnati Children’s Hospital Medical Center approved all animal use.Wild type C57Bl/6mice were from Jackson

Laboratory and were used at 4 and 7months of age. TheNf1fl/fl; Dhh+mouse line has been described previously by Patritti et al.47WTC57Bl/

6 mice were from Jackson Laboratory and were used at 4 and 7 months of age. The Nf1fl/fl;DhhCre mouse line has been described previously

by Wu et al., 2008. We bred P2ry14�/� male mice (Meister et al., 2014; Takeda Cambridge Limited) with Nf1fl/fl female mice to obtain the F1

generation P2ry14+/-;Nf1fl/+; then, we bred the F1 mice with Nf1fl/fl;DhhCre male mice to obtain P2ry14+/-;Nf1fl/+;DhhCre. Then, we bred

P2ry14+/-;Nf1fl/+;DhhCre (males) with P2ry14+/-;Nf1fl/+; DhhCre (females) to obtain P2ry14+/-; Nf1fl/fl;DhhCreand P2ry14;Nf1fl/fl;DhhCre.39 Geno-

typing ofmicewas carried out by PCRwith the following primers: b-galactosidase sense (50-AGAAGGCACATGGCTGAATATCGA-30), forward
(50-AGCTGCCGGACGAAGGAGACCCTGCTC-30), and reverse (50-GGTTTTGGAAACCTCTAGGTCATTCTG-30) in two separate PCRs; for-

ward/reverse to amplify WT allele (180 bp) and b-galactosidase sense/reverse to amplify KO allele (400 bp). The PCR conditions were

95�C for 3 min followed by 35 cycles with 95�C for 45 s, 60�C for 30 s, and 72�C for 1 min and a final amplification step of 72�C for

10 min.53 Cnp-hEGFR mice were genotyped by amplyfing Egfrwa-2 a 170 bp region (primers: 50-CCCAGAAAGGGATATGCG-30 and

50-GCAACCGTAGGGCATGAG-30) and digesting with FokI to produce an uncut 170 bp or cut 75 and 95 bp fragments diagnostic for

wild-type (wt) Egfr and Egfrwa2 alleles, respectively, as reported.49 The cross of CNP-EGFR mice to Cav1-/-mice was approved at by the Uni-

versity of Minnesota animal care and use committee. In all experiments, littermates were used for controls. Mice of both sexes (male and fe-

male) were used for all experiments in equal numbers. The animal care and use committee of Cincinnati Children’s Hospital Medical Center

and the University of Minnesota approved the experiments and confirmed that all experiments conform to the relevant regulatory standards.
METHOD DETAILS

Immunostaining

For frozen sections, OCT was removed by incubation with 1XPBS. We permeabilized cells in ice cold MeOH for 10 min., followed by incuba-

tion in normal donkey serum (Jackson ImmunoResearchCat# 017–000-121) and 0.3%Triton-X100 (Sigma-Aldrich Cat# X100). Primary antibody

incubation occurred overnight at 4 degree Celsius with the following antibodies: Anti-Glut1 antibody (1:300, Abcam, Cat#ab115730), Fibrin-

ogen antibody (1:500, Agilent DAKO, Cat#: A008002-2), CD31 antibody (1:100, BD Biosciences, Cat#: 553370), pPKA antibody (1:200, Cell

Signaling, Cat#: 9621S), Cav1 antibody (1:400, Cell Signaling, Cat#:3238S), CD45 antibody (1:300, Novus Biologicals, Cat# 100-77417), b-galac-

tosidase polyclonal antibody (1:1000, Thermo Fisher, Cat#: A-11132), anti-Iba-1 (1:3,000, Wako Chemicals, Cat#: 019-19741), Claudin-5

polyclonal antibody (1:100, ThermoFisher Scientific, Cat# 341600), ZO-1 polyclonal antibody (1:100, ThermoFisher Scientific, Cat#: 402200).

All secondary antibodies were donkey anti Rat/Rabbit/Goat from Jackson ImmunoResearch, reconstituted in 50% glycerol and used at

1:250 dilution. To visualize nuclei, sections were stained with DAPI for 10min., washed with PBS and mounted in FluoromountG (Electron Mi-

croscopy Sciences, Hatfield, PA). Images were acquired with NIS-Elements software using confocal microscopy (Nikon). Images were

analyzed using ImageJ. For staining paraffin sections, tissue samples were formalin fixed, paraffin embedded and cut into 5um sections. He-

matoxylin and Eosin (H&E) staining (Thermo Fisher Scientific, 7221 and 7111), was performed according to manufacturer’s instructions.
IgA and alpha 2 Macroglobulin immunohistochemistry

Sections were deparafinized, hydrated and processed for antigen retrieval using citrate buffer (ph 6.00). Sections were washed, processed for

IHC using mouse IgA antibody from Cell Signaling (Cat # 50384) at a dilution of 1:800 and rabbit alpha 2 macroglobulin from Cell Signaling

(Cat # 71610) at a dilution of 1:500 Overnight. Sections were washed and treated with biotinylated Goat anti-mouse antibody for IgA and
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biotinylatedGoat anti Rabbit antibody for alphamacroglobulin (Vector) at a dilution of 1:200. After PBS wash, sections were treated with ABC

(Vector), washed and stained with and DAB (Vector).
Electron microscopy

Mice were perfusion fixed with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1-M phosphate buffer at 7.4 pH. Saphenous nerve was

dissected out and postfixed overnight, then transferred to 0.175 mol/L cacodylate buffer, osmicated, dehydrated, and embedded in Embed

812 (Ladd Research Industries). Ultrathin sections were stained in uranyl acetate and lead citrate and viewed on a Hitachi H-7600 microscope.
CNPAse-hEGFR Cav1 mice protocol

For CNPase-hEGFR transgenic mice, tissue analysis consisted of at time of necropsy, sciatic nerves and individual paraspinal dorsal root gan-

glion were carefully removed under a dissectingmicroscope (LeicaMicrosystems Inc.), washed, and placed in cold PBS. Tissues were imaged

at 2.5x objective and measurements were taken. Paraffin sections were prepared and stained as described above.
RNA sequencing

For polyA stranded RNA sequencing (n=2) per genotype, total RNAs isolated from wildtype, P2RY14-/-; Nf1fl/fl; Dhh+ and P2RY14-/- Nf1fl/fl;

Dhh+ mouse sciatic nerves were amplified using the Illumina NovaSeq600 (Illumina Technologies) according to manufacturer’s protocol and

CCHMC DNA sequencing and Genomic Core protocol. Base calling was performed using Illumina CASAVA (v1.4) and the quality of

sequencing reads was checked using FASTQC (v0.11.7,https://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were aligned

against mm10 mouse genome using HISAT2 (v2.0.5, http://www.ccb.jhu.edu/software/hisat/index.shtml). Raw gene counts were calculated

using featureCounts (v1.5.2, http://subread.sourceforge.net) and normalized using edgeR (https://bioconductor.org/packages/release/bioc/

html/edgeR.html)’s TMM (trimmedmean ofM values) method. The RNAseq data discussed in this publication have been deposited in NCBI’s

Gene Expression Omnibus71 and are accessible through GEO series accession number GSE189189.
Osmotic pump drug study

4-month-old neurofibroma mice (Nf1 fl/fl Dhh+) were treated with the P2RY14 inhibitor (PPTN-HCl:4-[4-(4-Piperidinyl]-7-[4-(trifluoromethyl)

phenyl]-2-naphthalenecarboxyliv acid hydrochloride) (TOCRIS: Cat #. 4862). Osmotic minipumps were loaded with the P2RY14 inhibitor

drug according to manufacturer’s instructions with PPTN in saline solution (containing DMSO) or with saline containing equivalent amounts

of the vehicle control (DMSO). Osmotic minipumps released the inhibitor hourly for 14 days for a daily dose of 4.55 mg/kg. At day 14, mice

were perfusion fixed with 4% paraformaldehyde and used a Leica dissecting microscope to dissect the tissue.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters, including the statistical tests used, exact value of the number of samples (n), what (n) represents, and descriptive sta-

tistics and significance are reported in the figures and figure legends. Two-group comparisons used Student’s t-tests. When multiple geno-

types were analyzed in a single experiment, we used a one-way ANOVA with multiple comparisons. All data unless otherwise stated is rep-

resented as averageG SD and was analyzed in GraphPad Prism 7. For the quantification of TJs, caveolae, perineurial layers and perineurial

width, the mean number of TJs and caveolae for all genotypes was counted directly from the electron microscopy montage per field of view

using images at 20,000X. The mean number of perineurial layers for all groups was counted directly form the electron microscopy montage

using images at 5,000X magnification. The width of the perineurium of each nerve was quantified using ImageJ and was measured directly

from the electron microscopy montage using images at 10,000X magnification. All measurements were plotted using GraphPad Prism.
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