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GlcNAc is a mast-cell chromatin-remodeling
oncometabolite that promotes systemic
mastocytosis aggressiveness
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Systemic mastocytosis (SM) is a KIT-driven hematopoietic neoplasm characterized by
the excessive accumulation of neoplastic mast cells (MCs) in various organs and,
mainly, the bone marrow (BM). Multiple genetic and epigenetic mechanisms contribute
to the onset and severity of SM. However, little is known to date about the metabolic
underpinnings underlying SM aggressiveness, which has thus far impeded the develop-
ment of strategies to leverage metabolic dependencies when existing KIT-targeted
treatments fail. Here, we show that plasma metabolomic profiles were able to discrimi-
nate indolent from advanced forms of the disease. We identified N-acetyl-p-glucos-
amine (GlcNAc) as the most predictive metabolite of SM severity. High plasma levels
of GlcNAc in patients with advanced SM correlated with the activation of the GlcNAc-
fed hexosamine biosynthesis pathway in patients BM aspirates and purified BM MCs.
At the functional level, GIcNAc enhanced human neoplastic MCs proliferation and pro-
moted rapid health deterioration in a humanized mouse model of SM. In addition, in the presence of GlcNAc,
immunoglobulin E-stimulated MCs triggered enhanced release of proinflammatory cytokines and a stronger acute
response in a mouse model of passive cutaneous anaphylaxis. Mechanistically, elevated GlcNAc levels promoted
the transcriptional accessibility of chromatin regions that contain genes encoding mediators of receptor tyrosine
kinases cascades and inflammatory responses, thus leading to a more aggressive phenotype. Therefore, GlcNAc
is an oncometabolite driver of SM aggressiveness. This study suggests the therapeutic potential for targeting
metabolic pathways in MC-related diseases to manipulate MCs effector functions.

® Plasma levels of GIcNAc
in patients with SM
correlate with advanced
disease.

® GlcNAc is an
oncometabolite that
promotes SM
aggressiveness and
exacerbates neoplastic
mast-cell functions by
chromatin remodeling.
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Little is known about the mechanisms contributing to the malig-
nant expansion of neoplastic MCs and their progenitors in
patients with ASM. The KIT D816V mutation is a major cause of
the disease, but its association with most clinical forms of SM

Introduction

Systemic mastocytosis (SM) is a KIT-driven hematopoietic neo-
plasm characterized by the accumulation of abnormal neoplastic

mast cells (MCs) in various organs and the bone marrow (BM).'3
SM pathology ranges from benign, chronic manifestations to
highly aggressive tumors with limited therapeutic options.*>
Patients with indolent SM (ISM) have symptoms primarily related to
MC mediator release and exhibit a normal life expectancy.® How-
ever, in advanced SM (ASM), the clinical course is aggressive, with
organ impairment and failure related to excessive MC infiltration
and mediator release, leading to a shortened life expectancy.””
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argues against its role in disease progression.'®'? Possible
explanations for the diverse clinical presentations include the
co-occurrence of KIT D816V with secondary genetic lesions'*"”
and epigenetic'®?* and/or microenvironment alterations
that modify disease phenotype.

25-30

Reprogramming of cellular metabolism occurs as a direct conse-
quence of oncogenic mutations and environmental cues that
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affect the abundance of oncometabolites by eliciting oncogenic
cascades.>’** Oncometabolites are conventional metabolites
that, when aberrantly accumulated, have pro-oncogenic func-
tions mainly via epigenetic dysregulation.**3* The identification
of oncometabolites in diagnostics and prognostics, as both
novel therapeutic targets and as plasmatic biomarkers of dis-
ease,”’* are areas of considerable interest in oncology and
could lead to novel therapeutic strategies in SM. Therefore, we
profiled the plasma metabolome of SM to investigate metabolic
alterations and potential oncometabolites associated with SM
aggressiveness.

Methods

Patient data and cell lines

Adults with SM were enrolled in a prospective, national,
multicenter study sponsored by the French association for initia-
tive and research on mast cell and mastocytosis. Diagnoses were
established according to criteria provided by the World Health
Organization. Twelve ASM plasma specimen taken from patients
with ASM (n = 4), SM with associated hematological neoplasm (n
= 6), and mast cell leukemia (n = 2), and 13 ISM specimens were
used (supplemental Table 1, available on the Blood Web site).
Plasma was collected in heparinized tubes and stored at —80°C
until analysis. Blood and BM aspirates were obtained at diagnosis
after written informed consent was obtained. Sample collections
were approved by the Ethics Committee of Necker Hospital (Paris,
France) and conducted in accordance with the protocols of
Helsinki. The human MC lines ROSANT WT ROSAKT B818V and
ROSAKIT DBI6V-Gluc (oo 4 40,41
Cell proliferation

ROSANT WT and ROSANT P81&Y MCs were seeded in low glu-
cose (1 g/L) Iscove modified Dulbecco medium supplemented
with 10% fetal calf serum, 100 pg/mL streptomycin, 100 1U/mL
penicillin, 2 mM L-glutamine, and 1 mM sodium pyruvate at day
0 = 20 mM N-acetyl-p-glucosamine (GlcNAc; Sigma-Aldrich,
St Louis, MO). Automated cell counting was conducted on a
Cellometer Auto T4 (Nexcelom Bioscience, Lawrence, MA) on
days 2, 4, and 8.

Metabolomic profiling and metabolic

transcript screening

Plasmatic polar metabolites were extracted from patients.*?
Metabolomic profiling was conducted at the mass spectrometry
platform at Beth Israel Deaconess Medical Center. Gene expres-
sion profiles from highly purified BM MCs of SM patients were
generated in a previous study.** The complete lists of functional
categories are provided in supplemental Table 3. Technical
details of the analysis are provided in the supplemental
Methods.

Degranulation assays and cytokine staining

Degranulation was monitored by the release of B-hexosaminidase
into culture supernatants.?® For intracellular cytokine analysis, cells
were seeded in a low glucose medium = 100 mM GlcNAc over-
nightat 37°C. Cells were then stimulated with 0.5 wg/mL immuno-
globulin E (IgE)-anti-DNP and 0.2 pg/mL DNP-OVA for 3 hours.
To inhibit protein exocytosis, 10 wg/mL BrefeldinA was added
in the final 2 hours of stimulation. Anti-tumor necrosis factor-a
(TNF-a)-PE/Cy7 or anti-interleukin-6 (IL-6)-PE antibodies (BioLegend,
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San Diego, CA) were used for intracellular staining and analyzed
via flow cytometry. TNF-a release was measured using a mouse
TNF-a high sensitivity enzyme-linked immunosorbent assay
(eBioscience, San Diego, CA) following the manufacturer’s recom-
mendations. Absorbance values were measured at 450 nm using a
FLUOstar OPTIMA microplate reader.

Mice, murine BMMCs, and xenogenic
transplantations

All animal studies were performed in compliance with the laws and
protocols approved by the French Animal Ethics Committee
(Agreement  APAFISN°6743-2016091513513606v4).  Murine
BM-derived MCs (BMMCs) were differentiated by culturing BM
from Kit D814V Mx1-Cre and Kit WT Mx1-Cre mice for 4 to 6
weeks in IL-3 supplemented media.** For xenogenic transplanta-
tion, 10 X 10% ROSAKT P816V-Gluc 4|5 were injected into NOD-
SCID IL-2R 77/7 (NSG) mice (2 groups, 5 mice per group) 24 hours
after sublethal irradiation (1.5 Gy). Intraperitoneal injections of 300
mg/kg GlcNAc were administered on 5 consecutive days per
week for 7 weeks. Treated animals had ad libitum access to drink-
ing water supplemented with 50 mg/mL GlcNAc. Engraftment
was assessed after 4 weeks by quantitative measurement of Gluc
activity in plasma and quantitative measurement of green fluores-
cence protein” (GFP™) or cyan fluorescent protein ™ (CFP™) cells in
peripheral blood using flow cytometry.?* Gluc activity was mea-
sured using a luminometer (PerkinElmer, Waltham, MA).%°

ATAC-seq analysis

ROSANT WT and ROSANT P8¢V cells were cultured overnight in
a low glucose (1 g/L) medium and incubated with 20 mM
GleNAc for 24 hours. An assay for transposase-accessible chro-
matin with high-throughput sequencing (ATAC-seq) was per-
formed by Active Motif (Carlsbad, CA) following a previously
published protocol.*®

Gene expression validation

RNA was isolated using the RNAeasyPlus Kit (Qiagen, Hilden,
Germany) and reverse transcribed using oligo dTy,.1g primers
and Superscript Il (Thermo-Fisher Scientific, Carlsbad, CA).
Quantitative polymerase chain reaction (PCR) was performed
using Sso-Advanced Universal SYBR Green Supermix on a
CFX96 Touch Real-Time PCR Detection System (BioRad, Hercu-
les, CA) and the predesigned KICgStart SYRBR Green primers
(Sigma-Aldrich) for each target.

Western blots

For protein extracts, patient BM aspirates were lysed in RIPA buffer
(50 mM Tris HCI, pH 7.4, 150 mM NaCl, 0.1% sodium dodecyl sul-
fate, 1% Triton X100, 0.5% sodium deoxycholate) supplemented
with phosphatase (PhosSTOPEASYPack; Roche, Basel, Switzer-
land) and protease inhibitors (Sigma-Aldrich). Samples (30 wg)
were run on 10% sodium dodecyl sulfate-polyacrylamide gels and
transferred to polyvinylidene fluoride membranes. Immunodetec-
tion was performed with an anti-OGlcNAc (RL2) (1:2000; Abcam,
Cambridge, United Kingdom), an anti-OGT (1:1000; Abcam), an
anti-OGA (1:20000), or an anti-GlcNAc kinase (NAGK; 1:10000)
antibody overnight at 4°C. An anti-ERK2 antibody (1:20 000) was
used for loading controls. Incubation with horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology, Dal-
las, TX) was performed at room temperature for one hour.
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Enhanced chemiluminescence and X-ray films were used to detect
protein expression signals.

Passive cutaneous anaphylaxis

These experiments were performed as previously described.?
Briefly, 20 mg GlcNAc was administered by intraperitoneal injec-
tion to half of the mice (hn = 20) on days O, 1, and 2, and
phosphate-buffered saline (PBS) was administered to the other
half. In each group, the left ear was sensitized by a 10 pL intra-
dermal injection of 1 g anti-DNP IgE or vehicle in the right ear.
Mice were injected intravenously 24 hours later with 0.5 mg
DNP-OVA in 0.5% Evans Blue dye (Sigma-Aldrich) in PBS. One
hour later, the mice were euthanized and ear sections were
excised. The extravasated blue dye was then extracted and its
intensity measured spectrophotometrically (optical density 650).

Quantification and statistical analysis

Statistics were calculated using Prism 6 software (GraphPad Soft-
ware, San Diego, CA). Data are represented as mean = stan-
dard deviation (SD). Significant differences between groups
were determined using paired or unpaired Student t tests, or
2-way analysis of variance, unless otherwise indicated. For all
tests, differences were considered significant when P < .05.

Results

Metabolomic alterations associated with

SM severity

We investigated the plasmatic metabolome of 25 patients with
varying degrees of SM severity (supplemental Figure 1; supple-
mental Table 1). A principal component analysis (PCA) showed
two clusters with modest overlap between the ISM and ASM
samples. Fifty-nine of the 306 identified metabolites were dis-
criminant between these 2 classes (P < .05, fold-change >1.5)
(Figure 1B; supplemental Figure 1E). Mapping the differential
metabolites’ profiles to their respective biochemical pathways
revealed alterations in nicotinate/nicotinamide, pyrimidine,
purine, glycerophospholipid, amino sugar metabolism, arginine
biosynthesis, and 1 carbon pool by folate metabolism (Figure
1C; supplemental Figure 2A). We found similar results using a
new pathway-covering approach (MetaCyc database)* (Figure
1D; supplemental Table 2).

To confirm these findings at the RNA level in neoplastic MCs,
the gene expression profiles of highly purified BMMCs from
patients with ISM and ASM (a subtype of AdvSM, supplemental
Figure 1A ) from a published study were analyzed.*® To identify
transcripts involved in metabolic processes that were differen-
tially expressed between the samples, we filtered the entire
human genome to select only those transcripts that encoded for
known metabolic enzymes and transporters (Figure 1E). Unlike
the metabolomic approach (Figure 1A), a PCA of the transcrip-
tomic data revealed a weak separation of ISM and ASM patients

(supplemental Figure 2B). However, 180 transcripts (34%) signifi-
cantly upregulated only in the ASM samples (Figure 1F). The
ASM metabolic signature was highly enriched in pathways asso-
ciated with oxidation-reduction processes and amino acid glyco-
sylation (Figure 1F; supplemental Table 3). This replicated the
findings at the metabolomic levels as metabolites involved in
both protein O-GlcNAcylation and nicotinamide adenine dinu-
cleotide biosynthesis were identified among the most deregu-
lated pathways (Figure 1C). Thus, ASM presented with oxidative
phosphorylation and protein glycosylation alterations, and
plasma metabolic profiles were able to discriminate between dif-
ferent levels of SM aggressiveness.

GlcNACc is a circulating predictive metabolite of
SM aggressiveness

To determine whether any components of the discriminating
metabolic pathways between ASM and ISM were markers of dis-
ease aggressiveness, we performed a volcano plot analysis (Fig-
ure 2A). Compared with the ISM samples, ASM samples showed
significantly decreased dihydroxyacetone phosphate levels and
increased levels of GlcNAc, kynurenine, and quinolinate, which
were significantly positively correlated in the same samples
(supplemental Figure 3). GIcNAc is part of the hexosamine
biosynthesis pathway (HBP) that is responsible for protein glyco-
sylation, and kynurenine/quinolinate are part of the oxidative
processes leading to the production of nicotinamide adenine
dinucleotide. GIcNAc was the most discriminant of the 3 metalb-
olites in terms of fold-change and significance, suggesting it
would be the most robust ASM biomarker. To test this, we mea-
sured the absolute concentrations of GIcNAc by liquid chroma-
tography tandem mass spectometry (LC-MS/MS) in randomly
selected KIT D816V samples from the first cohort mixed with
randomly selected KIT D816V patient samples from the CERE-
MAST database (supplemental Table 4). GIcNAc levels were sig-
nificantly increased in the ASM (4.7 uM) compared with the ISM
specimens (2.8 pM) and healthy donors (0.46 uM) (Figure 2B).

The receiver operating characteristic curves for GlcNAc indi-
cated that its ASM predictive value was high (Figure 2C). The
concentration threshold to discriminate ISM from ASM was 3.8
M. The plasma tryptase level is used as a minor criterion for
SM as it rises during anaphylaxis. We found that GlcNAc levels
were not correlated with tryptase levels (Pearson r = 0.2) in the
same sample, suggesting that GIcNAc may be useful for identi-
fying patients with modestly increased tryptase levels that are
likely to have an aggressive disease phenotype (Figure 2D).
GlcNAc levels were not correlated with any other available
chemical parameters (supplemental Figure 4). However, we
observed that high levels of GIcNAc were associated with ASM
patients presenting gastrointestinal symptoms (supplemental
Table 4). Altogether, this suggests that GIcNAc is a circulating
predictive metabolite of SM aggressiveness.

Figure 1. Metabolomic alterations associated with systemic mastocytosis severity. (A) Principal component analysis (PCA) of metabolites measured in indolent
(green) and advanced (orange) SM plasma samples. (B) Indolent SM-based z-score plot of 59 metabolites significantly deregulated between samples from patients with
ISM and AdvSM. Each dot represents 1 metabolite in 1 SM sample, and the color indicates the disease form (light green: indolent; red: advanced) (C) Metabolome
view from pathway analysis performed using MetaboAnalyst 4.0. Each circle represents a different pathway, and the circle size and color shade indicate the pathway
impact and P value (with red being the most significant), respectively. Selected pathways with high impact and/or high P values are labeled 1 to 7. (D) Pathway cover-
ing using HumanCyc showing the smallest pathways including differential metabolites. (E) Outline of the transcriptomic approach used to highlight significant dysregu-
lated metabolic transcripts in sorted bone marrow mast cells (MCs) from patients with SM. (F) Enrichment of overactivated pathways between different groups of
patients with SM, as identified by Enrich. The adjusted P values are shown as —log (P) values on the x-axis.
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The HBP is activated in ASM

GlcNAc fuels the HBP via the GlcNAc-salvage pathway, which is
activated during glucose deficiency and has prosurvival effects
(Figure 2E). GlcNAc enters the HBP by NAGK, which is activated
under metabolic stress conditions and leads to the posttransla-
tional modification of proteins by O-GlcNAcylation. To measure
HBP activity in patients with MC-related diseases, protein
extracts from BM aspirates were immunoblotted with an RL2
antibody that recognized O-GlcNAc moieties on proteins (sup-
plemental Table 5) in ISM, ASM, and MC activation syndrome
(MCAS). All SM samples exhibited evidence of increased O-
GlcNAcylation compared with samples from patients with
MCAS. The highest levels of O-GlcNAcylated proteins were
found in ASM (Figure 2F-G).

Because protein O-GlcNAcylation levels reflect the activity of the
HBP, the expression of a number of HBP enzymes was determined
in human MCs sorted from BM of patients with SM from microar-
ray analysis.*> Consistent with the western blot results, most
enzymes in this pathway (GFAT1, PGM3, NAGK, OGT, and OGA)
were upregulated in SM samples. The levels of the rate-limiting
enzymes of glycolysis (PFKL) and the tricarboxylic acid cycle (IDH2,
ACO2) were unchanged (Figure 2H). The transcript levels were the
same between ISM and ASM, which is in agreement with the PCA
(supplemental Figure 2B). Our data showed that increased levels
of GlcNAc in the plasma of patients with ASM were associated
with the activation of the enzymes of the HBP at the transcriptional
level in sorted patient KIT D816V MCs and to high-protein
O-GlcNAcylation levels in patient BM aspirate.

GlcNAc exacerbates the severity of the KIT
D816V* SM phenotype

Because high levels of GlcNAc are correlated with ASM, we
tested whether GlcNAc promoted proliferation of MCs carrying
the KIT D816V mutation. Human ROSANT P8¢V MCs incubated
with 20 mM GlcNAc showed significantly higher proliferation
rates than their nontreated counterparts (Figure 3A). This dose
led to a significant increase in protein glycosylation and intracel-
lular GIcNAc concentrations (9.7 nM) in the range of the physio-
logic concentration we measured in ASM plasmas (supplemental
Figure 5A-B). Similar concentrations were measured in the
ROSANT WT MCs. Therefore, the absence of an effect of GIcNAc
on ROSANT WT cell proliferation during the experiment was not
due to its inability to enter the cells. An assessment of 5-bromo-
2'-deoxyuridine incorporation confirmed these observations (sup-
plemental Figure 5C-D), suggesting oncogenic cooperation
between KIT D816V signaling and GIcNAc lead to increased MC
proliferation.

ROSAXT D818V MCs have been reported to engraft in NSG mice,
giving rise to an ASM/mast cell leukemia-like disease in vivo. To
evaluate the effect of GIcNAc on the severity of disease, we
used a humanized in vivo model of KIT D816V ASM using a
ROSANT D816V-Glue: g helone engineered to naturally secrete
Gaussia princeps luciferase (Gluc) as a reporter.*® This model
led to an ASM phenotype with neoplastic MCs invading the
BM, blood, and different vital organs. ROSAKT P816V-Gluc g
were derived from ROSANT P81V cells expressing the KIT
D816V mutant/GFP and transduced with a lentiviral vector
expressing Gluc and CFP. Disease progression was then moni-
tored using Gluc activity as a reporter and GFP" and CFP™ as
markers of Gluc-expressing cells. We intravenously injected
ROSAKT B816V-Gluc g|is (n = 10) into irradiated NSG mice, and
treated half with either GlcNAc (300 mg/kg) or PBS (Figure 3B).
Upon measuring the activity of Gluc in the plasma of the
GlcNAc-treated and PBS-treated controls, we found significantly
higher luciferase activity in the GlcNAc-treated group starting at
week 4, and an almost threefold increase by week 7 (Figure 3C).
The higher level of Gluc activity was correlated with an increased
number of Gluc™ cells (Figure 3D). To further investigate disease
progression, BM and spleen samples were analyzed for the pres-
ence of GFP™ ROSANT D816V-Gluc (q|is. We observed increased
numbers of medullary neoplastic MCs (Figure 3E) without
increased invasion of SM clones into the spleen (Figure 3F) in
the GlcNAc-treated group compared with the control group
(Figure 3G). Additionally, we observed rapid health deterioration
in the GlcNAc-treated mice associated with splenomegaly,
which prompted us to euthanize all the animals at week 7 rather
than week 12. Seven weeks after GlcNAc treatment, we found
that the transplantation of mutant MCs induced GlcNAc levels
from 1.9 to 3.9 nM, which was not significant (Figure 3H). Thus,
MCs per se are not the main source of GlcNAc in this model.
The concentration of GIcNAc achieved in the transplanted mice
treated with GlcNAc was approximately 7.3 wM, which was in
the range of the patient plasma concentrations we measured.
Our data show that GlcNAc increased human KIT D816V MC
proliferation in vitro and exacerbated the severity of the KIT
D816V SM model phenotype in vivo by strongly increasing cir-
culating neoplastic MCs.

GlcNAc increases MC susceptibility to IgE-
mediated stimulation

To determine whether GlcNAc increased the susceptibility of
neoplastic MCs to IgE and antigen-triggered activation, we stud-
ied the effect of GIcNAc on MC degranulation. For this assay,
we used murine-derived BMMCs because human MCs in culture
express very low levels of the high-affinity IgE receptor, FceRI.*’
WT and D814V KIT BMMC cells (carrying the murine homolog
of the human KIT D816V mutation) were differentiated in culture

Figure 2. GlcNAc is a circulating biomarker of advanced systemic mastocytosis (AdvSM). (A) Volcano plot of statistical significance against fold-change between
the indolent and advanced forms of SM showing the most significantly differentially regulated metabolites linked to disease severity. (B) Plasmatic GlcNAc levels mea-
sured by LC-MS/MS in SM-related patients (n = 10, 5 ASM and 5 SM with associated hematological neoplasm [SM-AHN]), healthy donor (HD) (n = 5), allergic (n = 5),
asthmatic (n = 5), acute leukemias (n = 9), chronic myeloid leukemia (CML; n = 10), myelodysplastic and myeloproliferative syndrome (MDS/MNP; n = 7), and essential
thrombocythemia (ET) only (n = 10). (C) Receiver operating characteristic curve of GlcNAc concentrations between ISM and advanced SM patient samples. (D) GlcNAc
and tryptase levels in SM patient samples. (E) Schematic representation of the hexosamine biosynthetic pathway (HBP) and the use of GIcNAc in the salvage pathway
indicating relevant enzymes (O-linked-GlcNAc transferase [OGT], the O-GlcNAcase OGA, and GlcNAc kinase [NAGK]). (F) Lysates from 3 bone marrow biopsies from
patients with MCAS, ISM, and AdvSM were immunoblotted with RL2 antibodies that detect O-GlcNAcylation (G) Quantification of the immunoblot shown in panel F by
ImageJ software (National Institutes of Health). (H) Normalized transcript levels of HBP enzymes from microarray analysis performed in MCs sorted from bone marrow
samples from HDs (n = 5) and patients presenting ISM (n = 14) or ASM (n = 12) disorders. The values in the graphs are presented as the means + SD (NS [nonsignifi-
cant]; *P < .05, **P < .01, ***P < .001; 2-tailed, unpaired Student t test). AUC, area under the curve.
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Figure 3. GlcNAc exacerbates the severity of an advanced systemic mastocytosis (AdvSM) phenotype. (A) The proliferation of human MCs, ROSANT “T, and
ROSAKIT D816V olls, was assessed after treatment with or without 20 mM GIcNAc, and the cells were counted using a Cellometer Auto T4 at days 0, 2, 4, and 8. (B)
Schema of in vivo administration of 300 mg/kg GlcNAc to ROSAPE1¢CIe transplanted mice after irradiation with 1.5 Gy (n = 10, 5 per group). (C) Measure of GlcNAc
activity (in relative luciferase units [RLU]) in PBS- or GIcNAc-treated mice from week 3 (W3) to week 7 (W7). (D) Number of Gluc™ cells circulating in the plasma of mice
from W3 to W7, as measured by fluorescence-activated cell sorting (FACS). (E) Number of GFP" and CFP™ cells in the bone marrow of PBS- or GlcNAc-treated mice,
as measured by FACS. (F) Number of GFP* and CFP* cells in the spleens of PBS- or GIcNAc-treated mice, as measured by FACS. (G) Weights of spleens at W7 in PBS
or GlcNAc-treated mice. (H) Plasmatic concentration of GlcNAc measured by LC-MS/MS in nontransplanted mice, transplanted mice, and GlcNAc-treated transplanted
mice. Sampling was done after 7 weeks of treatment, 2 hours after the last injection of GIcNAc. The values in the graphs are presented as the means * SD (nonsignifi-
cant, *P < .05, **P < .01, ***P < .001; 2-tailed, unpaired Student t test).
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Figure 4. GlcNAc increases MC susceptibility to IgE-mediated stimulation. (A) Degranulation of bone BMMC KITD814V after treatment with or without 100 mM
GlcNAc was measured by assessment of B-hexosaminidase release (n = 3). Cells not stimulated with DNP-OVA or ionomycin were considered negative controls, whereas
ionomycin stimulation was used as a positive control for MC degranulation ability. (B) Degranulation of MCs was measured by annexin V staining upon stimulation with
IgE and antigen complexes for 30 minutes. (C) Intracellular staining (left) or release (right) of TNF-a in MCs stimulated with IgE and antigen incubated with PBS or
GlcNAc. The results of 1 representative experiment are shown. SSC, side scatter. (D) Same as panel C for intracellular IL-13. (E) Same as panel C for intracellular IL-6. (F)
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with IL-3 from a total BM of Kit®8'*V/°*.Cre mice. MCs treated
with 100 mM GlcNAc showed a significantly increased ability to
degranulate, as indicated by the release of B-hexosaminidase
into the culture supematant (Figure 4A) and an increase of
Annexin V (Figure 4B). The production of TNF-q, IL-6, and IL-13
(cytokines secreted by MCs at high levels in response to IgE/
antigen stimulation) was also increased in GlcNAc-treated KIT
D814V BMMCs (Figure 4C-E). Unlike the effect of GIcNAc on
MC proliferation, the increase in GlcNAc-induced MC responses
was independent of the mutational status of KIT (supplemental
Figure 6A). We quantified GlcNAc in KIT D814V MCs derived
from mouse BM cultured in IL-3 that showed a significantly
increased ability to degranulate at 100 mM GlcNAc. At baseline,
intracellular levels of GIcNAc were much lower in mouse
BMMCs cultured in IL-3 than in the human ROSA MC line
(supplemental Figure 6B). Only 20 uM of intracellular GIcNAc
was needed to induce a significant increase of protein glyco-
sylation and degranulation (supplemental Figure 6C-E). The
inhibition of the OGA enzyme (O-GlcNAcase) by small inter-
fering RNAs enhanced MCs’ KIT D814V degranulation, con-
firming the link between the accumulation of O-GlcNAcylated
proteins and degranulation (Figure 4F). In vivo, we observed
significantly enhanced responses of GlcNAc-treated MCs
using a model of anaphylaxis-associated vascular permeability
(Figure 4H).

GlcNAc modulates DNA accessibility in KIT
D816V* MCs

Given the contribution of epigenetic deregulation to SM sever-
ity'®?® and the ability of GIcNAc to modify transcription factors
and epimodifier activities by glycosylation, we performed an
ATAC-seq to assess the overall accessibility of genomic regions
in KIT D816V MCs to transcription. We mapped open chromatin
regions (OCRs) induced by 20 mM GlcNAc 24 hours after treat-
ment to identify the targets of GIcNAc involved in the potential
reorganization of MC chromatin. We found 555 regions regu-
lated by GlcNAc in KIT D816V chromatin; 356 were closed and
199 were newly opened (Figure 5A) vs 55 in KIT WT chromatin
(50 closed and 5 opened). No overlap was observed between
the 555 and 55 regions. Because of the low number of regions
modulated by GlcNAc in the context of KIT WT, no significant
ontologies could be associated with the genes in these regions
(supplemental Table 6). When we compared the opened
regions resulting from the mutation (D816V vs WT) and the
D816V opened regions resulting from GlcNAc, only 8 were
shared (Figure 5B-C). The effect of GIcNAc on chromatin acces-
sibility was likely from the combination of the Kit mutation with
GlcNAc and not to the Kit mutation alone. Next, we examined
the genomic features of OCRs in KIT D816V chromatin. Com-
pared with the closed regions, the chromatin regions opened by
GlcNAc contained fewer promoter sites and more enhancer
sites and regions of active transcription (Figure 5C). A Genomic
Regions Enrichment of Annotation Tool analysis of the regions
showed that in the presence of GIcNAc, genes involved in RTK
signaling (MAPK, extracellular signal-regulated kinase cascade),
MC activation (FceRI signaling), and inflammation (cytokine sig-
naling pathways) became more accessible to transcription

(Figure 5D; supplemental Table 6). We confirmed the signifi-
cantly enhanced expression of selected candidate genes in
these open regions using reverse transcriptase-quantitative PCR
(Figure 5E). The correlation confirmed GlcNAc modulated tran-
scription by chromatin remodeling.

To predict a genome-wide regulatory network associated with
GlcNAc-induced OCRs, we integrated known transcription
factor (TF) binding motifs with the DNA accessibility data
because binding of TFs to their cognate DNA sequences
often leads to nucleosome eviction and the creation of acces-
sible DNA sites (supplemental Table 7).’ Quantitative ranking
of the TF motifs showed that ETS, bZIP, RUNX, and GATA
were the top family motifs strongly enriched in GlcNAc-
induced OCRs (Figure 5F) and are involved in a wide variety
of functions associated with cancer.*® We also observed a loss
of binding of the TF motif CTCF and associated factor BORIS
in GlcNAc-treated chromatin, which supports a role for
GlcNAc in opening regions that were insulated. These data
indicate that GlcNAc modulates chromatin accessibility in KIT
D816V MCs. GIcNAc enhances transcription accessibility of
genomic regions coding for building blocks necessary for neo-
plastic MC hyperproliferation and has little to no effect on KIT
WT MC chromatin.

With bioinformatics tools, we created an integrated pathway
analysis to understand the intracellular processes targeted by
GlcNAc. We profiled the metabolome of ROSAKT D816V MCs 24
hours after treatment with 20 mM of GlcNAc. The metabolic sig-
nature was enriched in pathways associated with purine, pyrimi-
dine metabolism, glycerophospholipids, and amino sugar
metabolism (Figure 6A; supplemental Table 8); 4 of the 7 path-
ways differentially deregulated in the plasma of ASM patients
(Figure 1). A combined data analysis showed that GlcNAc
affected aminoacyl-transfer RNA biosynthesis (subnetwork 1),
but 2 major cellular processes (subnetwork 2) centered on
purine and pyrimidine metabolism (Figure 4B-C) that were
related to RTK signaling pathways, MAPK cascade, cell prolifera-
tion, and signal transduction (Figure 6C).

Discussion

In this study, we report the designation of GIcNAc as a new
oncometabolite that showed pro-oncogenic functions in neo-
plastic MCs as a result of chromatin remodeling. Although SM is
a heterogeneous disease, plasma metabolic profiling was suffi-
ciently sensitive to discriminate among SM forms that differ
according to levels of aggressiveness and to potentially stratify
MC-related pathologies.

We identified a role for GIcNAc in the control of cellular
responses through epigenetic dysregulation. The effect of
GlcNAc on neoplastic MC proliferation via chromatin remodel-
ing is likely to be the end-result of numerous direct and indirect
effects on gene-expression regulation at multiple levels.*?>°
Identifying O-GlcNAcylated targets in the KIT D816V context is
necessary to understand this complex phenotype.®'*? Among

Figure 4 (continued) BMMC KITD814V were transfected with a validated small interfering RNA designed against the OGlcNAcase (OGA) enzyme for 48 hours and degranula-
tion was assessed as described in panel A. (G) Schematic representation of the experimental design for passive cutaneous anaphylaxis. (H) Acute dye extravasation was mea-
sured by assessment of the optical density (OD) at 650 nm (n = 20 in each group). The values in the graphs are presented as the means = SD (nonsignificant, P < .05, "P <

01, ™*P < .001; 2-tailed, unpaired Student ¢ test).
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Figure 5. GlcNAc modulates mast cell DNA accessibility in human KIT D816 MCs. (A) Mean-difference plot showing the log-fold change and logCPM (log counts
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cells (n = 3) were either left untreated (control) or treated with 20 mM GlcNAc for 24 hours. Selected candidate genes from Figure 6D were validated by reverse
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Figure 6. GlcNAc links purine and pyrimidine metabolism to RTK and MAP cascade signaling. (A) Most deregulated metabolic pathways induced by a 24-hour
treatment of 20 mM GIcNAc in KIT D816V human MCs. Pathway analysis was performed using MetaboAnalyst 4.0. Each bar represents a pathway, and the color of the
bar indicates the P value of the calculated enrichment ratio. (B) Network analysis between the 199 genes in the open region by GlcNAc and the 61 metabolites differ-
entially deregulated par GlcNAc. The 2 subnetworks identified by MetaboAnalyst 4.0 are shown. (C) Integration of the gene pathways and the metabolite pathways

deregulated by GlcNAc. Dot color indicates the P value; dot size indicates the number

the possible targets, TET2 is of interest. Inactivating mutations in
the hydroxymethylating enzyme, TET2 cooperates with the KIT
D816V mutation to transform MCs into a more aggressive phe-
notype in vivo and in vitro."®?*33** TET2 can also be modified
by O-GlcNAcylation. Future studies will determine whether the
effect of GIcNAc on chromatin remodeling was through a loss
of TET2 function by aberrant O-GlcNAcylation and loss of
hydroxymethylated marks in specific area of the genome. This
mechanism could explain the ASM phenotype of patients with-
out the TET2 mutation.

of genes in the pathway.

The biological activity of GlcNAc is hindered by its inefficient
membrane permeability and poor cell entry, is limited by the
lack of a cell-surface transporter, and requires high doses to
enter cells via macropinocytosis. This process depends on the
rate. of membrane turmover and the activation of the PI3
kinase pathway by growth factors. In vivo, GlcNAc is quickly
metabolized and 30% is excreted in the urine. Given that we
could measure GlcNAc concentrations in the wM range suggests
a chronic exposure to GlcNAc and/or the existence of focal areas
at the sites of inflammation, where GlcNAc levels are highest.

Figure 5 (continued) transcriptase-quantitative PCR. Bar graph shows relative quantity (RQ) of transcripts in respect to HPRT transcripts. (F) Rankings of the most differentially
enriched motifs between +GIlcNAc and —GIcNAc samples. The top motifs were the most enriched motifs and the bottom motifs were the less enriched motifs in the +GIcNAc
samples. The values in the graphs are presented as the means = SD (nonsignificant, *P < .05, *P < .01, **P < .001; 2-tailed, unpaired Student ¢ test).
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An important question concerns the source of the GlcNAc pool in
ASM. Our data showed that the GIcNAc amount was not depen-
dent on the presence of the KIT D816V mutation in vitro or in vivo.
Free cellular GIctNAc may be produced by the degradation of die-
tary or recycled glycoconjugates by glycosidases; however, our
data suggested an exogenous origin of GIcNAc, such as the micro-
biota, because GlcNAc is a component of the bacterial cell-wall
peptidoglycan.®® We found that high levels of GIcNAc in patients
with ASM were associated with gastrointestinal tract symptoms
resulting from intestinal hyperpermeability from the release of MC
mediators in the gut, which created gaps in the epithelial lining.
Further investigations are required to determine whether bacterial
waste products such as GlcNAc directly enter the bloodstream,
potentially resulting in a vicious cycle of activating more MCs,
which secrete proinflammatory cytokines that further increase
inflammation and intestinal permeability. This increase of
circulating GlcNAc could exacerbate MC proliferation and
degranulation, thus releasing MC intracellular GIcNAc into the
microenvironment and making GlcNAc concentration depen-
dent on MC number.

In summary, this study provides insight into the metabolic
reprogramming associated with SM severity and neoplastic MC
functions. Our results highlight the therapeutic potential of tar-
geting metabolic pathways in MC-related diseases as a means
to control MC effector functions.
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